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Eustis  Directorate 

U.  S.  Army  Air  Mobility  R&D  Laboratory 

Fort  Eustis,  Virginia 

A  study  was  performed  to  define  and  evaluate  se«r.  iary  power  systems  for  an  advanced  Army  rotary¬ 
wing  aircraft,  using  existing  technology  and  two  advanced  technology  levels. 

The  basic  aircraft  mission,  performance  penalty  parameters,  and  system  components  are  defined.  From 
a  total  of  152  candidate  systems,  36  were  selected  for  detailed  comparisons.  Evaluation  parameters 
included  incremental  takeoff  gross  weight,  system  weight,  volume,  reliability,  maintainability,  availability, 
vulnerability,  complexity,  and  life-cycle  cost.  The  recommended  system  comprises  an  ir.tegral-bleed/shaft- 
power  APU  that  drives  into  the  aircraft  accessory  gearbox  with  two  electrical  generators  and  two 
hydraulic  pumps.  Main  engines  are  started  pneumatically  by  bleed  air  from  the  APU.  Cockpit  cooling 
was  an  optional  addition,  and  an  air-cycle  system  was  selected. 

With  current  technology  advancements,  this  system  is  predicted  to  reduce  takeoff  gross  weight  by 
11  percent  for  1975  production  aircraft  and  by  26  percent  by  1985. 


FORM  4  A  TO  replace*  do  form  t47i,  t  j 
\J\J  ,  movmIt  /O  obeolets  for  army  uie. 


AN  *4.  WHICH  IE 


) 


Unclassified 

Security  (^Unification 


Helicopter 

Secondary  Power  System 


DEPARTMENT  OF  THE  ARMY 

U.  S.  ARMY  AIR  MOBILITY  RESEARCH  A  DEVELOPMENT  LABORATORY 
EUSTIS  DIRECTORATE 
FORT  EUSTIS,  VIRGINIA  23BOA 


The  study  described  herein  was  conducted  by  the  AiResearch  Manufacturing 
Company  of  Arizona  under  the  terms  of  Contract  DAAJ02-70-C-0048.  The 
work  was  performed  under  the  technical  management  of  Mr.  Paul  Chesser, 
Propulsion  Division,  Eustis  Directorate,  U.  S.  Army  Air  Mobility  Research 
and  Development  Laboratory. 

The  object  of  this  study  effort  was  to  determine  three  optimum  secondary 
power  systems  (SPS)  for  advanced  rotary-wing  aircraft,  using  three 
levels  of  technology,  and  to  recommend  the  research  and  development 
required  to  achieve  technological  advancements  in  SPS  components  which 
could  provide  significant  improvements  for  future  aircraft. 

Appropriate  technical  personnel  of  this  Directorate  have  reviewed  this 
report  and  concur  with  the  findings  contained  herein. 

Costing  and  required  program  levels  described  are  the  views  of  the 
contractor  and  are  not  necessarily  the  views  of  the  Eustis  Directorate, 
USAAMRDL.  Therefore,  caution  is  recontnended  in  the  use  of  those  data. 

This  report  is  recoranended  for  use  in  planning  secondary  power  systems 
for  future  Army  rotary-wing  aircraft. 
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ABSTRACT 


The  objectives  of  this  study  were  to:  (1)  define  and  evaluate 
secondary  power  systems  (SPS)  for  an  advanced  Army  rotary-wing 
aircraft  using  the  design  requirements  of  the  Utility  Tactical 
Transport  Aircraft  System  (UTTAS)  design  study;  and  (2)  recom¬ 
mend  the  required  R&D.  These  objectives  were  to  be  attained 
for  SPS,  utilizing  today's  technology  and  two  advanced  tech¬ 
nology  levels,  with  and  without  the  inclusion  of  an  environ¬ 
mental  control  system  (ECS) — refrigeration  package  for  cockpit 
cooling . 

The  basic  aircraft  mission  and  performance  penalty  parameters 
were  defined  from  the  results  of  a  survey  of  helicopter  manu¬ 
facturers.  SPS  component  manufacturers  were  surveyed,  and 
studies  were  completed  to  determine  the  evaluation  parameters 
of  performance,  weight,  and  volume  of  all  SPS  components  and 
subsystems,  and  to  ascertain  installation  requirements.  The 
survey  and  studies  also  emphasized  other  evaluation  parameters, 
such  as  reliability,  maintainability,  and  life-cycle  cost. 

Twenty-seven  basic  candidate  SPS  were  identified.  These  were 
analyzed  for  three  technology  levels,  with  and  without  the 
addition  of  an  ECS,  for  a  total  of  162  systems.  A  preliminary 
elimination  analysis  was  based  on  the  system  evaluation  param¬ 
eters  of  incremental  takeoff  gross  weight  ( ATOGW)  and  system 
weight  and  volume,  which  reduced  the  total  candidate  systems 
to  36.  The  final  analysis  of  the  remaining  systems  included 
these  three  parameters  plus  reliability,  maintainability, 
availability,  system  vulnerability,  system  and  aircraft  com¬ 
plexity,  and  life-cycle  cost.  The  takeoff  gross  weight  com¬ 
parison  accounted  for  the  fuel  used  for  the  assumed  mission 
profile  as  well  as  installed  weight.  The  final  SPS  evaluation 
was  based  on  the  weighted  effect  of  each  of  the  10  parameters 
enumerated  above. 

The  recommended  SPS  selected  from  the  systems  analysis  com¬ 
prises  a  single-shaft  integral-bleed  APU  mounted  on  the  acces¬ 
sory  gearbox  with  two  electrical  generators  and  two  hydraulic 
pumps.  A  hydraulic  accumulator  starting  system  is  used  for 
APU  starting.  An  air  turbine  starter,  powered  by  APU  bleed 
air,  starts  the  main  engine.  The  ECS  was  an  optional  addi¬ 
tion  to  the  SPS,  and  an  air-cycle  system  was  recommended. 

Technology  advancements  from  the  prescribed  R&D  tasks  are  pre¬ 
dicted  to  reduce  SPS  takeoff  gross  weight  penalty  of  the  rec¬ 
ommended  system  without  ECS--11  percent  for  the  1975  produc¬ 
tion  period  and  26  percent  for  the  1985  production  period.  For 
the  recommended  system  with  ECS,  22-  and  38-percent  reductions 
are  predicted. 
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This  report  was  prepared  by  the  AiResearch  Manufacturing 
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torate,  U.S.  Army  Air  Mobility  Research  and  Development  Lab¬ 
oratory,  Fort  Eustis,  Virginia.  Mr.  B.  H.  Nicholls  directed 
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INTRODUCTION 


This  document  summarizes  a  study  that  defines  and  evaluates 
secondary  power  systems  (SPS)  for  an  advanced  Army  rotary-wing 
aircraft,  selects  an  optimum  system  for  each  of  three  speci¬ 
fied  technology  levels,  and  recommends  required  R&D  where 
technology  advances  are  required. 

The  aircraft  system  design  requirements,  as  defined  for  the 
Utility  Tactical  Transport  Aircraft  System  (UTTAS)  ,  were  used 
as  the  basis  for  the  study,  to  define  secondary  power  systems 
for  each  of  three  technology  levels: 

I.  An  aircraft  system  that  enters  production  in 

1975  and  incorporates  an  SPS,  utilizing  existing 
technology 

II.  An  aircraft  system  that  enters  production  in 

1975  and  incorporates  an  SPS,  utilizing  advanced 
technology  compatible  with  the  production  time 
period 

III.  An  aircraft  system  that  enters  production  in 

1985  and  incorporates  an  SPS,  utilizing  advanced 
technology  compatible  with  the  production  time 
period 

For  the  study,  the  UTTAS  airframe  design  requirements  were 
held  constant  for  each  of  the  three  SPS  technology  levels. 

This  simplifying  assumption  does  not  affect  the  validity  of 
the  study  results. 
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2.  PROGRAM  OUTLINE  AND  APPROACH 


The  program  was  conducted  according  to  the  plan  presented 
below  and  shown  graphically  in  Figure  1.  The  following  sub¬ 
sections  summarize  the  various  tasks  as  referenced  in 
Figure  1. 

2.1  TASK  I  -  SURVEYS 

2.1.1  Task  la  -  Survey  of  Airframe  Companies 

All  airframe  companies  that  were  previously  awarded  UTTAS 
study  contracts  were  contacted  to  define  the  UTTAS  performance 
capabilities  and  mission  characteristics  to  determine  a  con¬ 
sensus  of  SPS  requirements  and  aircraft  penalty  factors  for 
the  three  technology  levels . 

2.1.2  Task  lb  -  Survey  of  Component  Manufacturers 

Concurrent  with  Task  la,  leading  SPS  component  manufacturers 
were  contacted  to  obtain  information  on  components  of  specific 
size  or  range  of  sizes  (or  power)  covering  the  potential  can¬ 
didate  system  requirements  (see  Subsection  2.3.1).  A  complete 
hardware  description  and  the  design  and  development  status  of 
the  components  for  each  of  the  three  technology  levels  were 
requested. 

2.1.3  Task  Ic  -  Airframe  and  Component  Manufacturers  Survey 
Results 

At  the  conclusion  of  the  survey  phase,  the  data  were  correlated 
and  summarized.  From  this  information,  representative  param¬ 
eters  were  established  for  subsequent  tasks. 

2.2  TASK  II  -  CANDIDATE  SYSTEM  SELECTION  AND  PARAMETRIC  APU 
CYCLE  STUDY 

2.2.1  Task  Ila  -  Candidate  System  Selection 

To  form  a  basis  for  a  parametric  APU  cycle  study  (Task  lib) ,  a 
preliminary  selection  of  basic  candidate  systems  was  made  as  a 
result  of  the  Task  la  survey.  This  task  was  also  required  to 
more  clearly  define  requirements  for  the  component  manufac¬ 
turers  . 

For  this  study,  basic  systems  included  the  APU,  APU  starting 
system,  main  engine  starting  system,  accessory  gearbox  and 
driven  accessories,  and  the  power  distribution  system  to 
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interconnect  these  components.  Basic  systems  also  included 
provisions  for  ventilation  cooling  of  the  cockpit,  cabin  and 
avionics,  and  heating  for  the  cockpit  and  cabin. 

2.2.2  Task  lib  -  Parametric  APU  Cycle  Study 

To  form  a  basis  for  selection  of  APU  cycles  to  be  considered 
in  subsequent  tasks,  a  parametric  APU  cycle  study  was  con¬ 
ducted.  Information  from  Tasks  I  and  Ila  was  used  to  determine 
the  type  of  output  power  and  duty  cycle  required  of  the  APU, 
its  operating  environment,  and  its  required  service  life. 

From  these  considerations,  the  initial  component  efficiencies, 
pressure  drops,  cooling  flow,  accessory  horsepower,  and  para¬ 
sitic  losses  were  estimated  as  a  function  of  cycle,  pressure 
ratio,  turbine  inlet  temperature,  bleed  air  fraction,  and  recu¬ 
perator  or  regenerator  effectiveness. 

The  cycle  pressure  ratios  considered  were  from  2:1  to  20:1, 
turbine  inlet  temperatures  from  100u“  to  2400°F,  and  bleed-air 
pressure  ratios  from  2:1  to  6:1.  The  basic  cycles  analyzed 
included:  single-shaft  and  multispool  integral  bleed  types, 

and  single-shaft  and  free-turbine  types  for  use  with  a  load 
compressor.  Each  of  these  was  analyzed  parametrically.  The 
effects  of  variable  geometry  and  regeneration  were  included. 

In  addition,  a  combined  APU/env ironmental  control  system  (ECS) 
was  considered. 

Candidate  cycles  derived  from  the  parametric  analysis  were 
evaluated  for  initial  manufacturing  cost,  maintainability, 
reliability,  complexity,  vulnerability,  and  life-cycle  consid¬ 
erations  . 

2 . 3  TASK  III  -  SECONDARY  POWER  SYSTEMS  STUDY 

2.3.1  Task  Ilia  -  Secondary  Power  Sv stems  Function  Trade-Off 
Studies 


For  this  program,  the  SPS  is  defined  as  a  subsystem  of  the 
complete  aircraft,  consisting  of  all  secondary  power  producing 
and  transmission  components  that  comprise  the  APU,  APU  start¬ 
ing  system,  main  engine  starting  system,  the  accessory  gearbox 
and  driven  accessories  (hydraulic  pumps,  electrical  generators, 
air  compressors,  etc.),  the  power  distribution  system  and  con¬ 
trols  interconnecting  these  components,  and  the  environmental 
control  system. 

The  components  or  subsystems  associated  with  specific  func¬ 
tional  requirements  were  evaluated  to  determine  the  appropri¬ 
ate  design,  performance,  and  installation  parameters  necessary 
to  permit  the  evaluation  and  comparison  of  candidate  systems 
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Figure  1.  Secondary  Power  System  Study  for  Advanced 
Aircraft  Overall  Program  Logic. 
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selected  under  subsequent  tasks.  The  evaluations  conducted 
under  this  task  consisted  of  establishing  the  following  compo¬ 
nent  or  subsystem  parameters  consistent  with  the  technology 
levels : 


1. 

Weight 

2. 

Volume 

3. 

Reliability 

4. 

Vulnerability 

5. 

Maintainability 

6. 

Complexity 

7. 

Life-cycle  cost 

Trade-off  studies  were  performed  for  the  following  SPS  sub¬ 
system  or  component  functions. 


Task  IIIa(l)  -  APU  Starting 


An  analysis  of  appropriate  systems  was  conducted  using  the 
design  criteria  established  by  the  Task  I  survey  to  select 
candidate  APU  starting  systems.  The  analysis  consisted  of 
specific  component-sizing  studies  to  determine  the  primary 
evaluation  parameters  defined  above.  Integration  of  the  APU 
starting  system  with  the  SPS  and  other  aircraft  systems  was 
considered . 


Task  Ilia (2)  -  Main  Engine  Starting 


A  main  engine  starting  system  analysis  was  conducted  using 
representative  engine  starting  characteristics  and  starting 
system  design  criteria,  as  defined  from  the  results  of  Task  I. 
Power  input  and  component  size  requirements  for  each  system 
were  established.  Starter  output  torque  curves  and  engine 
starting  times  were  determined  for  each  basic  type  of  starting 
system.  Integration  of  the  main  engine  starting  system  with 
other  aircraft  systems  was  considered. 


An  emergency  main  engine  starting  system  independent  of  the 
APU  was  investigated.  Although  this  system  is  intended  for 
ground  use  in  remote  areas,  in-flight  operation  was  also  con¬ 
sidered. 


- a. 


Task  Ilia  (3)  -  Ground  and  Flight  Power  Generation 


From  the  basic  aircraft  power  requirements  established  in  Task 
I  and  the  candidate  systems  selected  in  Task  Ila,  trade-offs 
were  conducted  to  determine  the  type  of  equipment  to  produce 
the  required  electrical,  hydraulic,  and  pneumatic  power. 

Task  Ilia (3a)  -  Electrical  System 

Trade-offs  were  conducted  to  determine  the  necessary  electri¬ 
cal  or  motor  generator  types  and  controlling  and  power¬ 
conditioning  components  for  each  candidate  system.  The  poten¬ 
tial  location  of  the  generator  and  the  speed-governing 
characteristics  of  the  driving  equipment  (main  engine,  trans¬ 
mission  gearbox,  or  APU)  were  considered. 

Task  Ilia (3b)  -  Hydraulic  Pumps 

Applicable  hydraulic  system  components  were  evaluated  accord¬ 
ing  to  the  requirements  determined  from  the  Task  I  survey  and 
the  established  candidate  systems. 

Task  Ilia (3c)  -  Air  Compressors 

The  production  of  pneumatic  power  was  evaluated  on  the  basis 
of  a  separate  aerodynamic-type  air  compressor  that  may  be 
driven  by  the  APU  and/or  the  main  engine.  [The  effect  on  APU 
design  for  integral  bleed  or  integrated,  driven  compressor /APU 
designs  is  included  in  Task  Ilia  (7).]  Both  in-flight  and/or 
ground  operation  were  considered,  where  the  compressor  may 
supply  all  or  part  of  the  aircraft  pneumatic  power.  Pneumatic 
system  requirements  include  such  functions  as  main  engine 
starting  and  ECS. 

Task  Ilia (4)  -  Ground  and  Flight  ECS 

An  evaluation  to  determine  the  effect  of  including  an  environ¬ 
mental  control  system  was  made.  The  effect  on  the  SPS  evalua¬ 
tion  parameters  was  established  for  comparison  to  basic  sys¬ 
tems  with  ventilation  for  cooling  in  lieu  of  an  ECS.  Systems 
were  evaluated  primarily  on  the  basis  of  heating  and  cooling 
loads  for  the  cockpit  and  avionics. 

Task  Ilia (5)  -  Emergency  In-Flight  Power  Generation 

The  available  power  from  each  candidate  APU  was  checked  to 
determine  the  possibility  of  emergency  use  in  flight. 

The  effects  of  component  sizing  and  performance  on  the  APU 
production  of  emergency  power  and  on  other  aircraft  systems  or 
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components  were  considered,  provided  integration  of  the  primary 
SPS  components  could  be  achieved. 


The  parameters  determined  from  this  task  were  used  in  the  can¬ 
didate  system  evaluations  to  show  the  effects  of  including 
emergency  power  generation  in  flight. 

Task  Ilia (6)  -  Operation  of  APU  on  the  Ground  and  In  Flight 
Versus  Ground  Operation  Only 

The  effect  on  APU  performance  and  the  required  component  eval¬ 
uation  parameters  was  determined  for  in-flight  operation  of 
APU  designed  for  ground  operation  only.  Supplementing  or  sup¬ 
planting  main  engine  power  extraction  for  SPS  functions  was 
considered.  These  functions  include  the  electrical,  hydraulic, 
and  pneumatic  power  requirements  of  the  aircraft  in  flight  and 
the  capability  of  furnishing  shaft  power  directly  to  the  rotor, 
thereby  making  full  use  of  APU  power  in  critical  aircraft 
operating  modes.  The  influence  of  installation  requirements 
and  operational  environments  on  the  design  criteria  of  APU  for 
in-flight  and  ground  operation  was  also  investigated. 

Items  in  the  APU  installation  and  operation  were: 

1.  Mounting 

2.  Environmental  effects 

3.  Inlet  and  exhaust  systems 

4.  Fire  zone  considerations 

5.  Cooling  provisions 

6.  Containment  armor 

7.  Controls,  instrumentation,  and  readouts 

Task  Ilia  (7)  -  Final  APU  Sizing  and  Preliminary  Design 

An  analysis  was  conducted  to  establish  APU  designs  that  best 
met  the  operating  requirements  of  the  individual  candidate 
systems.  The  designs  were  for  basic  APU  cycles,  as  derived 
from  the  parametric  study,  and/or  other  cycles  applicable  to 
system  variations  resulting  from  the  functional  trade-off 
studies.  A  combined  APU/ECS  (air  cycle)  was  also  studied. 
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Parametric  APU  sizing  data  were  generated  to  permit  adaptation 
of  the  basic  APU  to  changes  in  power  levels  in  the  various 
candidate  systems.  These  data  included  size,  weight,  and  fuel 
consumption  as  functions  of  APU  power  rating.  Altitude  opera¬ 
tional  effects  were  also  included. 

2.3.2  Task  Illb  -  Evaluation  of  Candidate  Systems 

All  candidate  systems  were  evaluated  on  the  basis  of  the  fol¬ 
lowing  parameters  for  each  of  the  technology  levels: 

1.  System  weight 

2.  System  volume 

3.  Takeoff  gross  weight  influence 

4.  System  availability 

5.  System  reliability 

6.  System  vulnerability 

7.  System  maintainability 

8.  Effect  on  aircraft  system  complexity 

9.  Secondary  power  system  complexity 

10.  Secondary  power  system  life-cycle  cost 

Evaluation  systems  were  of  components  selected  from  the  trade¬ 
off  and  optimization  analyses  of  previous  tasks  and  include 
the  necessary  interconnecting  ducts,  mounts,  installation 
allowances,  and  power  transmission  items  chargeable  to  each 
system.  The  matrix  of  systems  being  evaluated  consisted  of 
each  trade-off  item,  with  variations  in  types  of  components 
for  a  specific  function,  and  the  system  changes  associated  with 
the  component  changes  in  the  gearbox,  ducting,  mounting,  etc. 

Systems  were  judged  on  the  basis  of  performance  and  evaluation 
factors,  modified  by  weighting  factors,  to  assign  the  impor¬ 
tance  of  each  in  the  overall  consideration.  The  performance 
evaluation  consis  ed  of  a  comprehensive  takeoff-gross-weight 
analysis  for  both  fixed  an d  expendable  weight  penalties  and 
accounted  for  aircraft  weight  alteration  (structural,  fuel, 
tankage,  engine,  installation  penalties),  as  a  result  of  vari¬ 
ations  in  SPS  component  weight  and  performance.  The  evalua¬ 
tion  parameters  were  for  vulnerability,  aircraft  complexity, 
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and  SPS  complexity.  Other  parameters  are  calculated  items, 
including  weight,  volume,  reliability,  maintainability,  and 
availability. 

2.3.3  Task  111c  -  SPS  Preliminary  Design 

To  support  the  evaluation  of  systems,  limited  preliminary 
designs  were  made  of  components  defined  by  previous  tasks. 
Components  such  as  hydraulic  pumps,  generators,  and  the  APU 
were  integrated  with  the  necessary  gearboxes  or  other  power 
transmissions  to  interconnect  with  functional  systems  and  to 
indicate  aircraft  interfaces. 

2.4  TASK  IV  -  COMPARATIVE  EVALUATION 


A  comparative  evaluation  of  the  systems  selected  under  Task 
III  and  the  optimum  from  this  task  for  the  rating  comparison 
data  generated  in  Task  111(b)  above.  Optimum  systems  were 
selected  for  each  technology  level  and  time  period  with  and 
without  an  ECS  and  a  redundant  main  engine  starting  system. 

An  outline  drawing  was  prepared  for  the  selected  SPS. 

2.5  TASK  V  -  REQUIRED  R&D 

Technological  advancements  required  for  design  of  the  1975  and 
1985  production  systems  and  the  required  R&D  to  achieve  these 
technological  levels  are  defined  in  detail.  The  tasks  for 
these  advancements  are  delineated,  including  the  objectives, 
approach,  risk,  and  justification  for  each.  Estimates  of  total 
cost  and  man-hours  to  complete  the  individual  technology 
advancement  tasks  are  included.  Areas  where  performance 
improvement  may  be  achieved  by  more  than  one  technological 
advancement  are  justified.  The  scope  of  application  and  the 
relative  priority  are  also  assessed. 
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3.  SURVEYS 


Airframe  companies  and  component  manufacturers  were  surveyed 
to  establish  a  basis  for  the  study.  This  section  summarizes 
the  results  of  the  surveys  and  interviews. 

3.1  AIRFRAME  COMPANIES 

Mission  parameters  and  secondary  power  system  requirements 
were  determined  from  a  survey  of  the  airframe  companies  awarded 
UTTAS  study  contracts.  From  the  results,  certain  aircraft 
design  and  performance  parameters,  penalty  factors,  secondary 
power  system  performance  requirements,  and  types  of  SPS  equip¬ 
ment  were  defined. 

Information  was  obtained  from  four  airframe  companies  and, 
therefore,  represented  four  different  aircraft  designs.  When 
the  information  was  in  close  agreement,  the  data  were  used  as 
an  average.  When  diverse  data  were  obtained,  a  representative 
selection  was  made  that  was  most  consistent  with  other  com¬ 
piled  data  and  the  mission  requirement.  Occasionally,  only  a 
single  input  was  available. 

The  evaluation  method  of  this  study  does  not  depend  upon  exact 
parameters  but  only  that  certain  basic  information  be  estab¬ 
lished  for  all  SPS  studies.  The  emphasis  in  this  phase  of  the 
program  was  to  obtain  the  most  representative  information 
available.  The  results  of  compiling  and  selecting  data  from 
this  survey  was  a  composite  basic  secondary  power  system,  the 
basic  operating  requirements,  and  the  necessary  parameters  to 
conduct  the  SPS  studies,  as  discussed  in  the  following  para¬ 
graphs  . 

3.1.1  Basic  System 

The  arrangements  of  the  secondary  power  system  contained  basic 
similarities  that  are  apparently  typical  of  the  aircraft.  The 
basic  system,  from  which  the  trade-off  studies  and  alternate 
SPS  arrangements  were  made,  is  shown  in  Figure  2  and  consists 
of  the  following: 

1.  The  main  engines  drive  into  the  main  rotor  transmis¬ 
sion  through  freewheel  devices.  This  will  permit 
either  or  both  engines  to  drive  the  rotor  and  will 
also  facilitate  autorotation  of  the  main  rotor  in 
the  event  of  main  engine  loss . 


Preceding  page  blank 
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The  basic  SPS  components  (electrical  generators  and 
hydraulic  pumps)  and  the  tail  rotor  are  driven  from 
cho  main  rotor  transmission.  This  permits  a  direct 
power  path  to  the  accessories  at  all  times,  i.e., 
from  the  rotor  during  autorotation. 

3.  The  basic  SPS  components  are  two  electrical  genera¬ 
tors  (sized  for  redundant  electrical  requirements) 
and  two  hydraulic  pumps .  One  pump  supplies  power  to 
the  primary  flight  control  system,  the  other  (a 
utility  pump)  to  a  redundant  flight  control  system. 

The  main  engines  are  free-turbine  types  that  transmit  power 
from  the  power  turbine  directly  to  the  drive  system  at  essen¬ 
tially  constant  speed.  The  electrical  generators  and  hydrau¬ 
lic  pumps  are  normally  driven  within  a  narrow  speed  range  of 
approximately  5  percent,  varying  to  10  percept  for  a  small 
portion  of  the  time.  Speed-compensating  devices  for  the  acces¬ 
sories  are  not  required.  The  accessory  gearbox  may  be  attached 
to,  or  may  be  an  integral  part  of,  the  main  rotor  transmission. 

The  main  engine  starting  system,  the  APU  starting  systems,  and 
the  method  of  power  distribution  between  these  subsystems  are 
not  shown  in  Figure  2,  since  the  definition  of  these  items  is 
subject  to  trade-off  studies  and  varies  for  each  system. 

3.1.2  Power  Requirements 

The  composite  system  power  requirements  used  throughout  the 
remainder  of  the  program  are  shown  on  Table  I,  which  includes 
only  the  basic  power  from  the  system  and  miscellaneous  cooling 
loads  and  no  power  transmission  losses.  These  loads  are  func¬ 
tions  of  the  individual  system  trade-offs.  The  specific 
columns  of  Table  I  are  defined  as  follows: 

1.  Operating  Mode  -  The  APU  is  considered  as  the  power 
source  during  engine  start,  checkout,  and  mainten¬ 
ance  operations.  The  main  engines  are  assumed  to  be 
operating  during  the  standby  mode  just  prior  to  take¬ 
off.  Only  the  cruise  conditions  are  listed  for  the 
flight  mode,  since  most  of  the  mission  profile  is  at 
this  condition  and  the  study  results  are  not  affected 
by  this  simplification. 

Ambient  Conditions  -  This  column  is  the  range  of 
ambient  conditions  at  sea  level  and  other  specifics 
at  which  the  listed  power  levels  must  be  furnished. 


2. 


3. 


Duration  -  All  durations  are  approximate  but  are 
considered  typical  for  the  advanced  vehicles  under 
consideration. 

4.  Electrical  Power  -  The  3  kva  required  during  engine 
starting  is  arbitrary  but  representative  of  the 
expected  additional  load  during  the  starting  cycle. 
The  13  kva  for  checkout  and  maintenance  is  an  aver¬ 
age  of  the  electrical  loads  indicated  by  the  survey. 
The  standby-power  estimate  of  15  kva  is  considered 
representative  of  the  maximum  load  at  this  condition. 
The  9-kva  requirement  at  the  cruise  condition  is  an 
average  of  survey  data  for  normal  electrical  power. 
The  40  kva  represents  a  maximum  load  and  includes 
full  rotor  de-icing. 

5.  Hydraulic  -  The  hydraulic  loads  listed  represent  the 
limited  data  avilable  for  a  3000-psi  system.  A  3000- 
psi  system  was  specified  for  a  majority  of  the  sys¬ 
tems  and  is,  therefore,  considered  representative  of 
the  aircraft.  However,  detailed  loads  were  not 
readily  obtainable  from  all  sources. 

6.  Cooling  -  The  assumed  avionics  heat  dissipation  is 
2700  w.  An  optional  air  cycle  environmental  control 
system  supplies  cooling  air  for  the  cockpit,  and  the 
avionics  would  be  cooled  by  fans  drawing  air  from 
the  cockpit.  The  ECS  would  also  be  used  for  ground 
cooling  when  supplied  with  bleed  from  the  APU.  The 
basic  systems  employ  ventilating  fans  for  cooling 
the  cockpit  and  avionics,  with  the  ECS  as  an  option¬ 
al  system. 

The  SPS  components  required  to  furnish  power  to  the  basic  sys¬ 
tem  are  shown  on  Table  II.  An  11-amp-hr  battery  was  specified 
in  the  majority  of  cases.  APU  starting  studies  showed  that 
this  size  battery  was  generally  sufficient  for  APU  starting, 
except  at  low  ambient  conditions.  However,  since  this  battery 
was  also  used  in  systems  not  employing  electrical  APU  starting 
and  dc  power  may  be  required  for  aircraft  system  functions 
when  APU  power  is  not  needed  on  the  ground,  a  standard  size 
11-amp-hr  battery  was  included  in  the  secondary  power  system. 

One  40-kva  electrical  generator  is  required  to  furnish  the 
system  power.  An  identical  generator  is  required  for  redun¬ 
dancy. 
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TABLE  II.  BASIC  SYSTEM  COMPONENTS 


Unit 

No. 

Rating 

Type 

Location 

Battery 

1 

11  amp-hr 

Ni-Cad 

Airframe 

Electric 

2 

40  kva 

400  Hz 

Accessory 

Generator 

115/200  v 

g<:  arbox 

Hydraulic 

1 

5  gpm 

3000  psi  var 

Accessory 

Pump 

1 

8  gpm 

3000  psi  var 

gearbox 

ECS 

1* 

15,000 

Air  cycle 

Airframe 

Btu/hr 

♦Optional 


Hydraulic  power  for  the  primary  flight  control  system  is  fur¬ 
nished  by  a  5-gpm  pump,  while  that  for  the  utility  and  redun¬ 
dant  flight  control  systems  are  supplied  by  an  8-gpm  pump.  The 
pumps  are  variable-delivery,  3000-psi  types. 

3.1.3  Aircraft  and  Engine  Parameters 

Composite  aircraft  and  engine  performance  parameters,  as 
determined  from  the  survey,  are  shown  on  Table  III.  Since  the 
vehicle  gross  weight  is  not  used  in  the  SPS  analysis,  a  repre¬ 
sentative  value  of  15,000  lb  was  selected.  In  all  cases,  two 
engines  rated  at  1500  hp  each  were  required. 

The  penalty  factors  for  fixed  and  expendable  weights — ATOGW/ A 
installed  weight  and  ATOGW/A  fuel  weight,  respectively--are 
average  values  consistent  with  the  15,000-lb  aircraft  gross 
weight  and  engine  power  levels.  The  bleed-air  extraction 
penalties  are  also  considered  representative  for  this  class 
of  engine  and  are  linear  to  a  bleed-air  extraction  of  5  per¬ 
cent  of  the  engine  throughflow. 

3.2  COMPONENT  MANUFACTURERS 

Electrical  and  hydraulic  component  sizes,  weights,  perform¬ 
ance,  operating  speeds,  MTBF ,  TBO ,  cost,  and  recommended  areas 
for  R&D  for  the  three  technology  levels  were  established  from 
the  results  of  the  survey  of  component  manufacturers.  The 
equipment  power  levels  of  Table  II  were  used  as  the  basis  for 
the  survey  inquiries. 


TABLE  III.  AIRCRAFT  AND  ENGINE  PARAMETERS 


Takeoff  gross  weight 

15,000  lb 

Number  of  engines 

2 

Power  rating,  each  engine, 

1500  hp 

j9°F,  sea  level 

ATOGW/A  installed  weight 

2.6 

ATOGW/A  fuel  weight 

2.1 

AEngine  hp/shp  extracted 

1:1 

AEngine  output  hp/AW_ 

extracted  at  60°F 

2.8  pct/1 

pet 

at  95°F 

3.3  pct/1 

pet 

AFuel,  lb/hr/A  bleed  air, 

1.4 

lb/m in 


3.2.1  Hydraulic  Pumps 

The  basic  aircraft  system  requires  two  hydraulic  pumps,  as 
described  in  Section  3.1.1  and  Table  II.  Both  are  variable 
displacement  types  to  efficiently  accommodate  the  hydraulic 
loads.  The  3000-psi  system  pressure  was  the  choice  of  the 
component  manufacturers  contacted  because  of  higher  reliabil¬ 
ity  and  efficiency  with  little  or  no  weight  penalty,  compared 
to  a  4000-psi  system. 

The  general  trend  indicates  that  advances  in  this  range  of 
pump  sizes  will  be  in  the  form  of  increased  operating  speed. 
The  speed  ranges,  as  functions  of  he  displacement  for  the 
three  technology  levels,  are  shown  in  Figure  3.  Lines  of 
constant  horsepower  for  5  and  8  gpm  are  superimposed  to  illus- 
strate  the  displacement  decrease  for  the  more  advanced  compo¬ 
nents.  Since  the  weight  and  volume  are  functions  of  displace¬ 
ment,  these  parameters  are  readily  obtained  from  Figure  3. 
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Weight  is  shown  in  the  upper  portion  of  the  curve  as  a  func¬ 
tion  of  pump  displacement.  The  upper  part  of  the  weight  curve 
is  generally  applicable  to  present  technology  designs.  The 
lower  part  represents  the  more  advanced  designs.  However,  the 
spread  between  the  two  weight  curves  is  rather  small,  with  a 
total  of  approximately  1  lb . 

The  pump  volume  curve  represents  rather  limited  data  but  may 
be  used  to  show  trends,  which  generally  follow  the  weight 
curve . 

The  information  presented  in  Figure  3  represents  "standard" 
pumps  and  does  not  include  depressurizers  and  unloading  valves 
that  are  special  designs.  The  designs  are  all  multiple  piston, 
positive,  variable  displacement  types  in  current  use. 

i  , 

Data  for  efficiency,  TBO ,  MTBF,  and  cost  are  shown  in  Table 
IV.  The  ranges  indicate  the  spread  of  data  received,  but  gen¬ 
erally,  all  parameters  increased  with  the  advance  in  technol¬ 
ogy  levels.  It  was  difficult  to  compare  TBO  and  MTBF,  since 
these  are  directly  related  to  the  design,  speed,  and  other 
operating  conditions  selected  by  the  manufacturer.  However, 
the  data  are  indicative  of  trends.  Cost  information  repre¬ 
sents  production  prices  for  quantities  of  approximately  300 
units.  Future  cost  data  were  limited  apparently  because  of 
the  uncertainty  in  predictions . 

I  I 

The  present  state-of-the-art  for  military  aircraft  hydraulic 
systems  is  defined  by  MIL-H-5440  ,  Type  II  (-65°  to  275CF)  . 
Existing  fluids  and  materials  are  ample  to  meet  these  require¬ 
ments.  The  pump  capacity  of  the  helicopter  system  defined  for 
this  study  is  relatively  low,  and  oil  temperatures;  higher  than 
300 °F  are  not  realistic.  Therefore,  technology  advances, 
specifically  for  higher  operating  temperatures,  are  not 
required,  provided  the  system  pressure  level  does  not  increase 
above  the  established  level  of  3000  psi.  , 

Both  Figure  3  and  Table  IV  indicate  that  the  principal 
advancement  will  be  increased  operating  speed,  with  an  attend¬ 
ant  increase  in  reliability  and  life.  This  trend  reflects 
improvements  and  refinements  in  present  piston-valve  plate , 
designs.  A  new  concept  is  required  to  show  gains  in  excess  of 
those  indicated.  One  concept,  which  has  been  suggested,  is  a 
rotating  port  plate  unit,  wherein  the  cylinder  block  and 
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TABLE  IV.  HYDRAULIC  PUMP  SURVEY 

DATA 

Technology  Level 

Conditions 

I 

II 

III 

Efficiency 

85 

85-86 

85-88 

(overall) 

TBO ,  hr 

760-1200 

1000-2000 

1250-2500 

MTBF 

6500-10,000 

10  ,000-15,000 

10,000-20,000 

Unit  cost: 

i  5  gpm 

$400-850 

$750* 

$800* 

8  gpm 

$450-850 

$875* 

$900* 

*Data  available  from  one 

source . 

pistons  do  not  rotate.  Windage  losses  would  be  reduced  and 
higher  speeds  achieved.  Other  advanced  system  concepts  (such 
as  integrating  the  pump,  reservoir,  filters,  and  valves  into  a 
common  housing  or  package)  offer  potential  reductions  in  sys¬ 
tem  weight,  space,  and  transmission  line  lengths  and  should  be 
considered  for  future  systems.  The  fly-by-wire  system  is 
another  advanced  concept,  with  integrated  hydraulic/electric 
power  packages  located  in  the  specific  vicinity  of  the  air¬ 
craft  where  power  is  required. 

3.2.2  Electric  Generators 

The  aircraft  electrical  system  requires  a  generating  system 
that  produces  40  kva,  400  Hz,  120/208  v  of  three-phase  contin¬ 
uous  power.  Output  power  should  meet  the  requirements  of 
MIL-STD-704A — overload  conditions  of  150  and  200  percent  rated 
power  for  2  and  5  sec,  respectively.  Input  speed  regulation 
will  be  5  and  10  percent  for  90  and  10  percent  of  the  time, 
respectively.  Two  identical  generators  are  required  per  sys¬ 
tem  for  redundancy. 
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Generators  of  this  size  and  meeting  these  requirements  are 
currently  available.  A  typical  wound-rotcr  generator  rated  at 
40-kva  continuous  duty  would  operate  at  a  nominal  speed  of 
12,000  rpm  with  an  efficiency  of  83  to  85  percent  and  would 
weigh  33  to  34  lb.  Reduced  weight  and  size  are  achieved  in 
this  design  by  the  incorporation  of  oil  spray  cooling  within 
the  generator  with  the  lubrication  and  cooling  oil  integrated 
with  other  areas  of  the  secondary  power  system.  A  generator 
control  unit  (GCU)  weighing  approximately  3  lb  is  required  as 
a  part  of  the  system  and  typically  provides  control  of,  and 
protection  for,  the  system.  The  control  functions  include: 

1.  Voltage  regulation 

2.  Anticycling 

3.  Line  contactor  control 

The  protection  functions  include  protection  against: 

1.  Overvoltage 

2.  Undervoltage 

3.  Overfrequency 

4.  Underfrequency 

5.  Feeder  fault 

The  predicted  trend  in  generator  and  control  unit  weights  and 
volumes  for  this  type  of  system  is  shown  on  Figures  4  and  5 
for  the  1970  to  1985  period.  For  12,000-rpm  generators, 

Figure  4  indicates  a  decrease  in  generator  weight  of  about  10 
percent,  which  is  predicated  on  the  application  of  materials 
researched  for  electromagnetic  and  mechanical  properties.  The 
corresponding  decrease  in  volume  predicted  for  this  type  of 
generator  is  1C  to  15  percent.  The  cumulative  result  of  tech¬ 
nical  advancements  and  an  increase  in  generator  speed  are  also 
shown  on  Figure  4  to  illustrate  possible  generator  weight 
reductions.  However,  when  generator  speeds  approach  20,000  to 
25,000  rpm,  the  conventional  400  Hz  is  no  longer  applicable, 
since  practical  generator  design  dictates  a  higher  frequency 
output.  Utilization  of  this  power  requires  rectifying  the 
output  for  a  dc  system  or  acquiring  wild  frequency  for  resist¬ 
ive  loads,  with  a  small  portion  of  the  power  converted  to  a 
close-tolerance,  400-Hz  output. 
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The  MTBF  for  the  400-Hz,  12,000-rpm  generator  and  control  unit 
and  the  system  MMH/FH  are  shown  in  Figure  6.  Predictions 
indicate  the  MTBF  could  be  increased  by  1985  with  a  corre¬ 
sponding  decrease  in  maintainability,  as  shown  on  this  curve. 

This  type  of  generator  is  available  now  and  would,  therefore, 
be  applicable  to  all  technology  levels.  The  generator  weight 
indicated  in  Table  V  represents  a  "three-quarter"  configura¬ 
tion,  i.e.,  the  generator  shaft  is  supported  at  the  mounting 
end  by  the  bearings  in  the  gearbox  mounting  pad.  Weight  esti¬ 
mates  for  this  type  varied  from  33  to  34  lb.  These  units  are 
currently  used  in  an  Integrated  Drive  Generator  (IDG)  System, 
in  which  a  constant  speed  drive  is  packaged  with  the  generator. 
With  a  suitable  mounting  pad,  this  generator  could  be  mounted 
on  an  accessory  gearbox  pad,  which  would  support  one  end  of 
the  generator  shaft.  Cooling  oil  would  be  supplied  from  the 
gearbox.  The  weight  of  this  generator  in  a  complete  two- 
bearing  configuration  would  be  about  39  lb. 

The  first  type  in  Table  V  is  the  conventional  four-pole, 
wound-rotor,  oil-cooled  400-Hz  system  which  currently  exists 
and  is  shown  for  comparison,  as  is  an  air-cooled  version  of 
this  same  type  of  generator  in  a  two-bearing  design.  A  weight 
increase  of  about  20  percent  is  indicated.  The  next  two  types 
would  also  be  capable  of  producing  400  Hz  but  at  the  increased 
speed  of  24,000  rpm,  which  requires  a  new  design  for  a  two- 
pole,  wound-rotor  machine.  Some  weight  decrease  is  estimated, 
but  efficiency  and  MTBF  are  lower. 

The  solid  rotor  Lundell  has  good  efficiency,  MTBF,  and  TBO  but 
weighs  110  lb  and  is  considerably  heavier  than  any  other.  All 
of  the  high-frequency  generator  systems  require  a  converter  to 
obtain  400-Hz  power.  In  most  current  units  designed  for  the 
rated  output  of  the  generator,  the  converter  weight  will  ap¬ 
proximate  that  of  the  generator.  However,  significant  reduc¬ 
tions  are  indicated  by  1985. 

The  incorporation  of  a  high-frequency  generating  system  would 
require  evaluation  and  design  of  the  complete  aircraft  elec¬ 
trical  system,  to  determine  the  overall  effect  of  this 
approach.  Since  the  necessary  information  was  not  available, 
these  systems  were  not  included  in  the  study.  Therefore,  the 
12,000-rpm,  four-pole,  wound-rotor  unit  was  retained  for  the 
primary  electrical  generating  system. 
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1970  1975  1980  1985 


TABLE  V. 

ELECTRIC 

GENERATOR  SUHH| 

Technology  Level 

I 

Type 

Cooling 

Diameter 

(in.) 

Length 
(in. ) 

Weight 

(lb) 

Efficiency 
Rated  Load 
(pet) 

MTBF 

(hr) 

TBO 

(hr) 

Weigh 

Chang 

(pet) 

12,000  rpm 
Wound  Rotor, 
Oil-Cooled 

4  gpm 
oil,  150  °C 
maximum 

6.96-  7.5 

9.5 

33-  34 

83-85 

20-35K 

*  * 

-10; 

j 

; 

12,000  rpm 
Wound  Rotor, 
Air-Cooled , 
Four- Pole 

Air  blast 

5  in.  H20, 

120°C 

maximum 

7.3  -  7.5 

10.0-10.5 

41-  42 

85  85 

12-30K 

** 

-10  j 

24,000  rpm. 
Wound  Rotor, 
Oil-Cooled, 
Two-pole 

4  gpm 
oil,  150  °C 
maximum 

6.3 

9.5 

27 

76 

15K 

** 

-10; 

j 

24,000  rpm 

Wound  Rotor, 

Air-Cooled, 

Two-pole 

Air  blast 

5  in.  H2O, 

120°C 

maximum 

7.0 

9.5 

34 

80 

9K 

** 

-10  i 

i 

24,000  rpm 

Solid  Rotor, 
Two-pole 

Lundell 

Air  blast 
or  oil- 
cooled 

11.0 

8.0 

110 

86 

2  OK 

6000 

-20; 

) 

24,000  rpm 

Wound  Rotor , 
Oil-Cooled 

VSCF 

Oil 

7.75 

9.5 

34 

89 

10K 

*  * 

-10 

Converter 
for  VSCF 

Air  or 
oil 

- 

- 

37 

95 

20K 

*  * 

-14  1 

64,000  rpm 

Solid  Rotor, 
Four- Pole, 
Inductor 

3  to  4 
gpm 

oil,  150°C 
maximum 

9.0 

10.0 

60 

90 

10K 

15K 

-iO  1 

Converter  for 
64,000  rpm 
Generator 

Air  blast 

Volume  . 
2000  in. 

75 

93 

8K 

6C00 

-30 

i 

1 

60,000  rpm  PMG 
with  Samarium 
Cobalt  (SmCo5) 
Four- Pole*** 

2  to  3  gpm 
oil,  15C  °C 
maximum 

5.75 

11.5 

35 

88 

20K 

15K 

-20  I 

3 

■A 

'a 

♦Costs  based  on  production  of  500/year  minimum 
**0n  condition 

♦♦♦Requires  converter  for  400-Hz  power 
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1 

GENERATOR  SUMMARY  40-KVA  RATING 

1 

1 

Technology  Level  III 

Production  Cost* 

R 

\7  r~\  1  l  itno 

Technology  Level 

MTBF 

(hr) 

f 

TBO 

(hr) 

nciu  1 1 l. 

Change 

(pet) 

VU1  UlUfcJ 

Change 

(pet) 

E  f f iciency 
(pet) 

MTBF 

(hr) 

ueveiopiTicnt 

Cost 

(dollars) 

I 

(dollars) 

II 

(dollars) 

III 

(dollars) 

20-35K 

*  * 

-10 

-10  to  -15 

89 

50K 

Normal 

Development 

2000 

1500-2500 

1500-3000 

f 

12-30K 

★  * 

-10 

-10  to  -15 

85 

- 

200K 

2000 

2500- 

| 

3000 

15K 

** 

-10 

-10  to  -15 

85 

30K 

200K 

2000 

2500 

' 

3000 

■ 

9K 

*  ★ 

-10 

-10  to  -15 

85 

3  OK 

200K 

2000 

2500 

■ 

3000 

i 

2CK 

6000 

-20 

-25 

- 

- 

300K 

2000 

2500 

J 

3000 

j 

|  10K 

•*  ★ 

-10 

-6 

89 

12K 

- 

- 

5000 

4000 

20K 

*  * 

-14 

- 

95 

25K 

- 

1000 

- 

9000 

10K 

15K 

-10 

15 

90 

30K 

200K 

2000 

2500 

3000 

8K 

6000 

-30 

30 

- 

- 

500K 

13K 

15K 

18K 

j 

20K 

. 

15K 

-20 

20 

- 

- 

200K 

2000 

2500 

i 

3000 

1 
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4.  CANDIDATE  SYSTEM  SELECTION 


The  basic  potential  candidate  systems  for  the  subject  program 
are  identified  by  system  identification  keys  (Figure  7)  . 

These  keys  utilize  the  matrixes  (Figures  8  and  9)  to  identify 
a  system  by  its  power  path  from  the  APU  to  the  accessory  gear¬ 
box  and  to  the  main  engine  (starting)  .  The  first  number  of 
the  key  represents  the  APU  arrangement  in  the  system;  i.e., 
remotely  mounted  or  mounted  directly  on  the  accessory  gearbox. 
The  second  number  is  the  power  link  from  the  APU  to  the  gear¬ 
box;  the  third,  the  link  from  the  gearbox  to  the  main  engine; 
and  the  fourth,  the  link  from  the  APU  to  the  main  engine.  If 
no  link  occurs  in  some  portion  of  a  system,  this  is  repre¬ 
sented  by  a  zero. 

The  identifiable  basic  systems  are  listed  on  Table  VI  and 
their  schematics  are  shown  in  Figures  10  through  36.  To  these 
basic  schemes,  the  variations  and  trade-offs  can  then  be 
added. 


X.  X.  X.  X. 


0  «  NONE 


1  =  PNEUMATIC 


2  =  HYDRAULIC 


3  =  ELECTRICAL 


TO  GEARBOX 


APU  MOUNTING 
IN  SYSTEM 


] 


4  =  MECHANICAL 

1  =  REMOTE 

2  =  GEARBOX 


Figure  7.  System  Identification  Key. 
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1. 

REMOTELY  MOUNTED 
APU  SYSTEMS 


Figure  8.  System  Identification  Numbering  Schematic, 
Remotely  Mounted  APU  Systems. 
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2. 

GEARBOX-MOUNTED 
APU  SYSTEMS 


|  LINK  FROM  APU  TO  GEARBOX 
1  . 

MECHANICAL 


LINK  FROM  GEARBOX  TO  ENGINE 


Figure  9.  System  Identification  Numbering  Schematic, 
Gearbox-Mounted  APU  Systems. 
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TABLE  VI.  CANDIDATE  SYSTEMS 

1. 

Remote  APU  Systems 

1.0 

No  Link 

to  Accessory  Gearbox 

1.0. 0.1 

Pneumatic  Link  to  Engine  from  APU 

1.0. 0.2 

Hydraulic  Link  to  Engine  from  APU 

1.0.0. 3 

Electric  Link  to  Engine  from  APU 

1.1 

Pneumatic  Link  to  Accessory  Gearbox 

1.1. 1.0 

Pneumatic  Link  to  Engine  from  Gearbox 

1.1. 2.0 

Hydraulic  Link  to  Engine  from  Gearbox 

1.1. 3.0 

Electric  Link  to  Engine  from  Gearbox 

1.1. 0.1 

Pneumatic  Link  to  Engine  from  APU 

1.1. 0.2 

Hydraulic  Link  to  Engine  from  APU 

1. 1.0. 3 

Electric  Link  to  Engine  from  APU 

1.2 

Hydraulic  Link  to  Accessory  Gearbox 

1.2.1. 0 

Pneumatic  Link  to  Engine  from  Gearbox 

1.2. 2.0 

Hydraulic  Link  to  Engine  from  Gearbox 

1. 2. 3.0 

Electric  Link  to  Engine  from  Gearbox 

1.2. 0.1 

Pneumatic  Link  to  Engine  from  APU 

1.2. 0.2 

Hydraulic  Link  to  Engine  from  APU 

1.2. 0.3 

Electric  Link  to  Engine  from  APU 

1.3 

Electric 

Link  to  Accessory  Gearbox 

1.3. 1.0 

Pneumatic  Link  to  Engine  from  Gearbox 

1.3. 2.0 

Hydraulic  Link  to  Engine  from  Gearbox 

1.3. 3.0 

Electric  Link  to  Engine  from  Gearbox 

1. 3.0.1 

Pneumatic  Link  to  Engine  from  APU 

1.4 

Mechanical  Link  to  Accessory  Gearbox  ; 

1.4. 1.0 

Pneumatic  Link  to  Engine  from  Gearbox 

1.4. 2.0 

Hydraulic  Link  to  Engine  from  Gearbox 

1.4. 3.0 

Electric  Link  to  Engine  from  Gearbox 

1.4. 0.1 

Pneumatic  Link  to  Engine  from  APU 

2. 

Gearbox-Mounted  APU 

2.1 

Mechanical  Link  to  Accessory  Gearbox 

2. 4. 1.0 

Pneumatic  Link  to  Engine  from  Gearbox 

2. 4. 2.0 

Hydraulic  Link  to  Enaine  from  Gearbox 

2. 4. 3.0 

Electric  Link  to  Engine  from  Gearbox 

2. 4. 0.1 

Pneumatic  Link  to  Engine  from  APU 
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Figure  14.  System  1.1. 2.0. 


I 


Figure  15.  System  1.1. 3.0. 
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Figure  18.  System  1.1. 0.3. 


COMP 


PUMP 


MAIN  ENGINE 


GENTRATOR 


GENERATOR 


STARTER 


ROTOR 


TAIL  ROTOR 
DRIVE 


Figure  22. 


System  1 . 2 . 0 . 1 . 


MAIN  ENGINE 

\ 

GENERATOR  j 

GENERATOR  | 

- 1 - 1 -  \  1 - 

STARTER 


ROTOR 


TAIL  ROTOR 
DRIVE 


- 1 _ I 


Figure  24.  System  1.2.0. 3. 


Figure  25.  System  1.3. 1.0. 
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Figure  30.  System  1.4. 2.0. 
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Figure  32.  System  1.4. 0.1. 


The  principal  variation  of  all  systems  is  the  addition  of  an 
ECS.  The  systems,  as  shown  in  the  sketches,  employ  ventila¬ 
ting  fans  for  avionics  and  cockpit  cooling,  as  well  as  a  ven¬ 
tilating  fan  for  the  cabin.  The  ECS  can  be  either  an  air  or 
vapor  cycle.  Other  systems  will  include  APU  variations  (i.e., 
single-shaft,  free-turbine,  two-spool,  integral-bleed,  load- 
compressor,  etc.);  APU  sized  for  altitude  operation;  genera¬ 
tor  and/or  electrical  equipment  variations  for  dc  loads  and 
electrical  engine  starting;  hydraulic  pumps  sized  for  engine 
starting;  motor-pump  combinations;  the  addition  of  driven  com¬ 
pressors  to  the  gearbox;  APU  starting  systems;  and  redundant 
main  engine  starting  systems.  Systems  that  do  not  include  an 
air-cycle  ECS  will  generally  require  another  type  of  heating 
for  the  cockpit  and  cabin. 

Once  the  basic  systems  and  variations  were  established,  the 
components  were  identified  and  the  performance  was  calculated 
for  the  power  links  in  the  various  operating  modes.  All  power 
requirements  were  then  referenced  to  the  APU  for  sizing,  and 
the  basic  SPS  components  were  resized,  as  required. 
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Figure  33.  System  2.4. 1.0. 


Figure  34.  System  2. 4. 2.0. 
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5 .  AIRCRAFT  MISSION  AND  SYSTEM  POWER  REQUIREMENTS 


5.1  AIRCRAFT  MISSION 

The  primary  aircraft  mission  and  power  requirements  of  this 
study  consisted  of  the  basic  elements  derived  from  the  survey 
data,  with  slight  adjustments  in  power  to  account  for  ventila¬ 
ting  loads  and  for  the  addition  of  an  ECS  to  the  basic  sys¬ 
tems.  Table  VII  defines  the  mission  for  which  all  systems 
were  evaluated. 

Basic  systems  included  components  requiring  1  kva  additional 
power  for  ventilation  cooling  the  avionic  compartment,  the 
cockpit,  and  the  cabin.  This  same  power  was  required  in  sys¬ 
tems  that  included  the  optional  ECS  to  provide  positive  cool¬ 
ing  airflow  from  the  refrigeration  package  through  the  avi¬ 
onics  compartment  and  for  ventilation  cooling  the  cabin. 

The  mission  analysis  was  conducted  at  hot-day  conditions  to 
analyze  the  systems  with  the  proper  APU  and  ECS  size. 

This  primary  mission  was  the  basis  for  system  comparisons. 
Selected  systems  were  compared  by  modifying  the  power  source 
to  evaluate  the  APU  operating  in  flight  and,  when  systems  con¬ 
tained  gearbox-mounted  compressors,  to  compare  the  effect  of 
engine  bleed  versus  shaft  power  for  ECS. 

5.2  SYSTEM  POWER  REQUIREMENTS 

The  power  requirements  for  each  candidate  system  were  estab¬ 
lished  by  summing  all  component  power  in  a  particular  oper¬ 
ating  mode  and  referencing  this  power  to  the  required  source 
(APU  or  main  engine)  ,  by  accounting  for  all  operating  and 
power  transmission  losses  in  the  respective  power  paths.  This 
analysis  was  repeated  for  each  technology  level  due  to  differ¬ 
ent  component  efficiencies  and  system  losses.  A  detailed 
power  analysis  of  all  systems  was  conducted  to  determine: 

1.  The  required  type  and  quantity  of  APU  power  for  all 
operating  modes  and  establish  the  APU  design-point 
(sizing  conditions)  and  define  the  APU  part-load 
power  requirements 

2.  The  required  hydraulic,  pneumatic,  and  electrical 
power  throughout  the  system  and  define  the  ratings 
of  these  components 
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TABLE  VII.  PRIMARY  AIRCRAFT  MISSION  AND  POWER  REQUIREMENTS 
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3.  The  system  size,  weight,  and  performance  for 

subsequent  takeoff-gross-weight  analysis  and  to 
establish  the  basis  for  other  system  comparison 
parameters 

APU  power  requirements  thus  determined  were  based  on  130°F, 
sea  level  conditions.  A  second  specified  operating  condition 
is  95°F  at  4000  ft.  Since  an  APU  sized  for  the  sea  level  con¬ 
dition  will  f>'^fill  the  4000-ft  condition  and  the  APU  is 
capable  of  furnishing  the  required  power  at  any  lower  ambient 
temperature,  APU's  sized  for  130°F  sea  level  operation  will  be 
used. 

The  accessory  gearbox  components  that,  furnish  the  primary 
electrical  and  hydraulic  system  checkout  power  were  generally 
sized  by  the  in-flight  power.  The  exceptions  occurred  in  sys¬ 
tems  with  a  hydraulic  main  engine  starting  system.  This 
necessitated  increasing  the  utility  pump  size  to  approximately 
13  to  14  gpm.  The  40-kva  generator  had  sufficient  capacity  to 
perform  a  main  engine  start  in  those  systems  where  electrical 
starting  was  used. 

Other  components  were  added  as  required  for  a  particular  sys¬ 
tem;  i.e.,  a  hydraulic  motor,  electric  motor,  air  turbine 
irotor,  or  a  shaft  attachment  was  added  to  the  accessory  gear¬ 
box  to  facilitate  driving  the  gearbox  from  the  APU.  A  pump, 
generator,  shaft,  etc.,  were  added  to  the  APU  to  produce  this 
power.  Because  of  the  wide  variations  in  power  transmitted  by 
each  system  and  operating  mode,  it  was  necessary  to  determine 
a  range  of  component  sizes  and  unit  performance.  Therefore, 
component  performance  was  defined  in  terms  of  full-load,  part¬ 
load,  and  no-load  to  properly  assess  the  system  power.  The 
hydraulic,  electrical,  and  pneumatic  component  sizing  is  dis¬ 
cussed  in  Section  6. 

Results  of  System  Power  Analysis 

The  APU  and  main  engine  power  for  the  secondary  power  system 
in  each  operating  mode  was  required  for  a  computer  program 
that,  with  component  sizes,  weights,  and  other  system  param¬ 
eters,  was  used  to  select  a  recommended  system  (Section  8). 

The  computer  printout  sheets  (Appendix  I)  show  a  tabulation  of 
system  power  requirements  for  the  final  candidate  systems  in 
terms  of  shaft  power  and  bleed  airflow  from  the  APU  or  main 
engine,  as  required  in  the  various  mission  modes.  Each  sheet 
contains  data  for  one  system,  which  is  identified  by  number, 
technology  level,  and  whether  an  ECS  is  included. 
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The  equivalent  shaft  horsepower  (eshp)  shown  for  an  APU  is  a 
convenient  method  of  expressing  the  power  rating.  It  is 
defined  as  the  sum  of  the  shaft  power  and  the  power  required 
to  compress  the  bleed-air;  the  maximum  eshp  thus  establishes 
the  size  of  the  APU.  Table  VIII  shows  maximum  eshp  values  to 
establish  the  APU  design-point  for  each  candidate  system. 

Comparison  of  the  eshp  values  shows  that  APU  in  systems  with¬ 
out  ECS  are  sized  by  the  engine  starting  requirement,  whereas, 
in  most  cases,  the  APU  in  systems  with  ECS  are  sized  by  the 
sum  of  the  system  checkout  power  and  the  ECS  bleed  airflow 
requirement . 

In  the  checkout  mode,  the  electrical  power  was  generally 
higher  than  the  hydraulic  power  requirement.  However,  in  some 
systems  having  an  electrical  link  from  the  APU  to  the  acces¬ 
sory  gearbox,  this  was  reversed,  because  the  electrical  power 
could  be  obtained  from  the  APU  generator.  For  a  strict  equal- 
basis  comparison,  all  checkout  power  should  be  obtained  from 
the  accessory  gearbox  components  and  would  increase  the  power 
level  of  these  electrical  link  systems.  However,  these  sys¬ 
tems  are  generally  not  competitive  with  other  types,  even  with 
the  reduced  power  requirement. 

The  minimum  APU  design-point  eshp  occurs  in  two  of  the  systems 
having  no  power  link  between  the  APU  and  the  accessory  gearbox 
(Systems  1.0. 0.1  and  1.0. 0.2).  These  systems  have  a  pump  and 
generator  mounted  on  the  APU  that  can  supply  power  for  check¬ 
out  and  not  accumulate  the  transmission  and  component  drag 
losses  of  the  accessory  gearbox.  However,  systems  of  this 
type  do  not  provide  many  of  the  advantages  and  the  flexibil¬ 
ity  of  those  that  operate  the  accessory  gearbox.  For  example, 
checkout  operation  cannot  be  performed  on  the  actual  pumps  or 
generator  in  flight;  maintenance  requiring  operation  of  the 
accessory  gearbox  cannot  be  performed;  and  an  additional  pump 
and  generator  are  required. 
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TABLE 

VIII.  DESIGN-POINT  ESHP  AT  APU 

Technology 

Level 

SPS 

I 

W/O  ECS 

W/ECS 

II 

W/O  ECS  W/ECS 

III 

W/O  ECS  W/ECS 

1.0.0. 1 

38.2 

70.0 

35.5 

58.8 

33.6 

51.1 

1.0. 0.2 

36.0 

71.4 

34.4 

60.2 

33.9 

52.4 

1.0. 0.3 

58.4 

70.3 

56.7 

58.8 

52.9 

52.9 

1.1. 1.0 

77.7 

95.6 

74.9 

87.5 

63.0 

74.0 

1.1. 2.0 

73.0 

100.4 

70.1 

67.8 

63.0 

76.2 

1.1. 3.0 

114.9 

114.9 

109.7 

109.7 

98.8 

98.8 

1.1. 0.1 

56.5 

99.6 

58.0 

87.2 

47.7 

74.0 

1.1. 0.2 

58.4 

103.7 

58.7 

91.1 

50.2 

77.3 

1.1. 0.3 

59.5 

88.9 

54.3 

78.2 

50.9 

66.4 

1.2. 1.0 

66.9 

118.7 

63.4 

95.0 

56.4 

82.9 

1.2.2. 0 

62.5 

94.2 

59.3 

81.3 

55.4 

69.6 

1.2.3. 0 

99.1 

99.1 

93.0 

93.0 

84.6 

84.6 

1.2. 0.1 

56.2 

92.6 

52.7 

79.2 

47.8 

67.8 

1.2. 0.2 

54.7 

92.6 

52.1 

79.2 

48.4 

67.8 

1.2. 0.3 

66.3 

75.5 

61.5 

63.6 

56.8 

56.8 

1.3. 1.0 

62.4 

98.5 

58.5 

90.4 

51.5 

77.7 

1.3. 2.0 

58.5 

83.7 

54.4 

70.0 

50,4 

57.7 

1.3. 3.0 

86.9 

86.9 

81.8 

81.8 

77.2 

77.2 

1.3. 0.1 

44.6 

89.9 

42.7 

77.2 

37.8 

65.5 

1.4. 1.0 

45.3 

81.5 

44.9 

70.3 

40.4 

59.9 

1.4.2. 0 

43.9 

79.1 

42.0 

67.3 

40.2 

57.8 

1.4.3. 0 

68.5 

77.3 

65.9 

65.9 

61.4 

61.4 

1.4.0. 1 

45.0 

77.9 

42.0 

65.9 

38.9 

56.8 

2. 4. 1.0 

45.3 

81.5 

44.9 

70.3 

40.4 

59.9 

2. 4. 2.0 

43.9 

79.1 

42.0 

65.1 

40.2 

57.8 

2. 4. 3.0 

68.5 

77.3 

65.9 

65.9 

61.4 

61.4 

2. 4. 0.1 

45.0 

77.9 

42.0 

64.0 

38.9 

56.8 
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6.  COMPONENT  TRADE-OFFS  AND  SIZING 


This  section  describes  the  results  of  the  trade-off  studies  of 
all  SPS  components  and  subsystems.  The  SPS  components  include 
the  electrical,  hydraulic,  and  pneumatic  systems,  accessory 
gearbox,  and  the  main  engine  starting  system.  The  ECS  was 
evaluated  as  a  desired  addition  to  the  SPS,  and  a  special  com¬ 
bination  of  the  two  was  also  considered. 

These  SPS  components  and  subsystems  were  evaluated  to  deter¬ 
mine  the  appropriate  design,  performance,  weight,  volume,  and 
installation  parameters  necessary  to  permit  the  comparison  of 
candidate  systems  at  each  technology  level.  During  the  anal¬ 
ysis,  components  and  subsystems  were  considered  to  ensure  that 
reliability,  vulnerability,  maintainability,  complexity,  and 
life-cycle  costs  were  not  compromised. 

6 . 1  ELECTRICAL  SYSTEM 


The  primary  electrical  system  consists  of  two  generators 
mounted  on  the  accessory  gearbox,  plus  associated  controlling 
and  power  conditioning  equipment  to  produce  the  required 
amount  and  quality  of  power.  Each  generator  is  rated  at  40 
kva,  400  Hz,  and  120/208  v.  The  system  includes  a  generator 
control  unit,  contactor,  200-amp  transformer-rectifier,  and 
interconnecting  cable  as  shown  on  Table  IX. 

Ten  candidate  systems  have  APU-mounted  generators  ranging  in 
size  from  14  to  57  kva  (Table  X) .  The  14 -kva  generators  for 
Systems  1.0. 0.1  and  1.0. 0.2  are  for  electrical  system  check¬ 
out,  and  the  20-kva  generators  for  Systems  1.0. 0.3,  1.1. 0.3, 
and  1.2. 0.3  are  for  checkout  and  main  engine  starting.  The 
20-kva  continuous-rating  size  generator  is  overloaded  momen¬ 
tarily  during  an  engine  start,  but  the  load  is  within  the 
intermittent  load  rating.  A  detailed  breakdown  of  system  com¬ 
ponent  weights  and  volumes  for  the  14-  and  20-kva  generators 
is  included  on  Table  IX. 

The  remaining  systems  listed  on  Table  X  employ  an  electric 
power  link  from  the  APU  to  the  accessory  gearbox  and  have  no 
electrical  link  from  the  APU  to  the  main  engine.  The  required 
generator  size  is  given  on  Table  X  for  these  systems,  and  the 
generator  weight  and  volume  are  obtained  from  Figure  37.  The 
weight  and  volume  of  the  contactors,  T-R  units,  and  cable  are 
proportionately  higher  than  for  the  14-  and  20-kva  generator 
systems. 


Preceding  page  blank 
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TABLE  IX.  ELECTRICAL  SYSTEM  COMPONENTS 
WEIGHT  AND  VOLUME 


Technology  Level 


Generator  Component 


or  Motor 

Item 

I 

II 

III 

40-kva 

(2) 

40-kva 

68  lb  , 

66  lb  , 

60  lb  , 

generators 
on  gearbox 

generators 

0.44  ftJ 

0.42  ftJ 

0.38  ft 

(2) 

Generator 

5.8  lb  , 

5.8  lb  , 

4.0  lb  , 

control 

units 

0.14  ftJ 

0.14  ftJ 

0.10  ftJ 

(2) 

Contactors 

6.0  lb  , 

6.0  lb  , 

6.0  lb  , 

0.07  ft 

0.07  ftJ 

0.07  ft 

(2) 

200-amp 

34.0  lb. 

34.0  lb. 

30.6  lb 

T-R  units 

0.35  ftJ 

0.35  ft 

0.35  ftJ 

Cable 

1.0  lb 

1.0  lb 

1.0  lb 

14-  or  20- 

(1) 

14-kva 

22.0  lb. 

21.3  lb, 

20.0  lb. 

kva 

generator 

0.16  ftJ 

0.16  ft 

0.16  ft 

generator 
on  APU  for 

(1) 

20-kva 

25.0  lb. 

24.0  lb. 

22.5  lb. 

electric 

generator 

0.17  ftJ 

0.17  ftJ 

0.16  ftJ 

link  to 
gearbox 

(1) 

Generator 

2.9  lb 

2.9  lb  , 

2.0  lb  , 

control 

unit 

0.07  ftJ 

0.07  ftJ 

0.05  ftJ 

A  Con¬ 
tactor* 

0.5  lb 

0.5  lb 

0.5  lb 

Cable 

0.6  lb 

0.6  lb 

0.6  lb 

Main  engine 

(2) 

Starter 

52.0  lb 

52.0  lb. 

52.0  lb 

starter 

motors 

0.11  ftJ 

0.11  ftJ 

0.11 

motors 

(2) 

Starter 

3.3  lb  , 

3.3  lb  , 

3.3  lb 

relays 

0.03  ft 

0.03  ft 

0.03  ft 

(2) 

A  T-R 

26.0  lb. 

26.0  lb. 

26.0  lb. 

Units* 

0.13  ftJ 

0.13  ftJ 

0.13  ftJ 

Cable 

11.0  lb. 

11.0  lb 

11.0  lb. 

0.04  ft 

0.04  ftJ 

0.04  ftJ 

*The  delta  weights 

and 

volumes  represent  the  additional  weight  and 

volume  for 

the  listed  number 

of 

units  in  addition 

to  that  for 

the  two  40-kva 

generators . 

TABLE  X 


A'PU  GENERATOR  KVA  RATINGS 


Technology  Level 


System 

I 

II 

III 

1.0.0.1(b) 

14 

14 

14 

1.0.0.2(b) 

14 

14 

14 

1.0.0 . 3  ^ 

20 

20 

20 

1.1.0 .3  ^ 

20 

20 

20 

1.2. 0.3^ 

20 

20 

20 

1.3.1.0  (c)  (d) 

37.5 

36 

32.5 

1.3.1.0(f>  <e) 

57 

51 

42 

1.3. 2.0  ^ 

35 

34 

32 

1.3. 3.0  ^ 

56 

53 

46 

1.3.0.!^ 

26 

25 

23 

a  These  ratings  are  required  for  electrical  links 
to  the  accessory  gearbox,  the  main  engine 
starter  motor,  or  system  checkout 

^ Sized  by  electrical  system  checkout  power 
requirements 

( c )  ,  .  , 

'  'Sized  by  engine  starting  requirements 
Without  an  ECS 

(e)With  an  ECS 

^ Sized  by  hydraulic  system  checkout  requirements 


WEIGHT,  LB  VOLUME 


The  kva  and  power  levels  for  the  14-  and  20-kva  generator 
systems  do  not  vary  with  the  time  period,  because  the  14  kva 
is  a  power  requirement  for  all  technology  levels.  The  pos¬ 
sible  improvements  in  engine  starting  motors  (considering  the 
20-kva  system)  do  not  significantly  affect  the  overload  rating 
of  a  20-kva  generator. 

The  gearbox  electric  motor  power  requirements  are  given  on 
Table  XI.  The  lessening  power  for  the  advanced  technology 
levels  is  a  reflection  of  efficiency  improvements  in  all  parts 
of  the  power  linkage.  The  weight  and  volume  of  these  motors 
are  obtained  from  Figure  38. 

Electrical  engine  starting  systems  used  dc  starter  motors. 

DC  power  was  obtained  from  the  ac  system  by  means  of  a 
transformer-rectifier  (TR)  .  The  ac  power  is  furnished  either 
from  an  APU-mounted  generator  or  from  one  of  the  primary  sys¬ 
tem  40-kva  generators.  A  current-limiting  feature  was  added 
to  the  TR  unit  to  obtain  the  desired  torque-speed  character¬ 
istic  from  the  motor.  The  weight  and  volume  of  the  starter 
motors  and  their  system  components  are  included  on  Table  IX. 
The  analysis  of  electrical  starting  systems  is  included  in 
Section  6.5. 

Efficiency  levels  of  the  gearbox  motor  and  the  APU  generator 
were  obtained  from  the  schedule  shown  on  Table  XII.  The 
horsepower  required  to  drive  the  40-kva  generator  on  the  gear¬ 
box  for  the  several  operating  modes  is  given  on  Table  XIII. 


TABLE  XI.  GEARBOX  ELECTRIC  MOTOR  HORSEPOWER 


Technology  Level 


System 


I  II  III 


1.3. 1.0 
1.3. 1.0 
1.3. 2.0 
1.3. 3.0 
1.3. 0.1 


(a) (b) 
(d)  (c) 
(a) 

(a) 

(d) 


39 

37 

34 

66 

59 

50 

36 

35 

33 

60 

57 

50 

25 

24 

22 

^ Sized  by  engine  starting  requirements 

^ Without  an  ECS 
(c) 

v  'with  an  ECS 

^ Sized  by  hydraulic  system  checkout  requirements 
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WEIGHT,  LB 


0  20  40  60  80  100 

CONTINUOUS  OUTPUT  FATING,  HP 


1 

I 

Figure  38.  Electric  Motor  Weight  and  Volume. 


TABLE  XII.  GEARBOX  MOTOR  AND  APU  GENERATOR 
EFFICIENCY  SCHEDULE 


Technology 

Level 

Type 

Percent  Load 

I 

II 

III 

Generator 

100 

85 

87 

89 

50 

80 

83 

84 

Motor 

100 

87 

87 

88 

50 

88 

88 

89 

TABLE  XIII.  HORSEPOWER  REQUIRED  BY 
40 -KVA  GENERATOR 


Technology  Level 


♦Includes  4  kva  required  for  airframe  and 
control 


6.2  HYDRAULIC  SYSTEM 
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The  hydraulic  system  components  in  the  primary  aircraft  system 
were  integrated  into  pump  packages  mounted  on  the  accessory 
gearbox.  These  packages  (a  5-gpm  pump  system  for  the  primary 
flight  control  system  and  an  8-gpm  pump  system  for  the  utility 
and  redundant  flight  control  system)  include  the  pump,  reser¬ 
voir,  filters,  valves,  switches,  line  couplings,  and  electri¬ 
cal  connector  integrated  within  a  single  housing.  This 
packaging  concept  provides  a  compact,  centrally  accessible 
system  that  reduces  weight  and  space  requirements  and  provides 
more  convenient  maintenance  and  reduced  leakage,  due  to  elim¬ 
ination  of  interconnecting  lines  between  components.  A  sketch 
of  a  typical  integrated  hydraulic  pump  package  is  shown  in 
Figure  39. 

Table  XIV  lists  the  pump  and  motor  sizes,  and  Table  XV  lists 
selected  hydraulic  component  weights  and  volumes  of  candidate 
systems.  The  weight  and  volume  of  all  pumps  and  motors  were 
obtained  from  Figure  40.  Six  candidate  secondary  power  sys¬ 
tems,  which  require  an  additional  pump  and  motor,  have  a 
hydraulic  link  between  the  APU  and  the  accessory  gearbox.  To 
accommodate  these  larger  system  capacities,  the  basic  utility 
pump  packages  were  adjusted  for  increased  reservoir,  valve, 
and  filter  sizes,  plus  additional  fluid.  Similar  adjustments 
were  made  for  systems  requiring  hydraulically  starting  the 
main  engines,  when  the  pump  size  was  increased  due  to  the  en¬ 
gine  start  requirement.  The  hydraulic  transmission  lines,  sys¬ 
tem  valves,  etc.,  required  to  interconnect  the  pumps  and 
motors  were  sized  and  included  in  the  system  weight  and  volume 
Sizes  of  motors  and  pumps  represent  system  requirements,  and 
are  not  necessarily  standard. 

Figures  41  and  42  show  the  delta-pump  package  and  system 
component  weights  and  volumes  as  functions  of  pump  flow  rat¬ 
ing.  These  curves  were  used  to  adjust  the  system  weight  and 
size  when  additional  hydraulic  pumps  and/or  motors  were 
required.  The  delta  weights  and  volumes  indicated  are  gener¬ 
ally  applicable  to  all  technology  levels.  However,  the  basic 
pump  package  weight  and  volume  do  decrease  with  increasing 
technology  levels,  due  principally  to  smaller  pump  sizes  and 
faster  operating  speed.  These  weights  and  sizes  are  shov n  as 
functions  of  capacity  for  the  flight  control  and  two  basic 
utility  system  packages.  The  larger  utility  pump  is  for 
engine  start  systems.  The  pump  package  concept  was  retained 
in  all  systems  for  the  two  pumps  mounted  on  the  accessory 
gearbox.  Other  pumps  and  motors  were  added  as  separate  com¬ 
ponents,  and  system  weight  and  volume  were  adjusted  as 
described  above. 


FILTER 


HIGH  PRESSURE 
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Figure  29.  Typical  Integrated  Hydraulic  Pump  Package 


TABLE  XIV.  HYDRAULIC  PUMP  AND  MOTOR  SIZES  (IN. 3/REV) 
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•Most  pomps  are  for  the  utility  system,  with  the  exception  that  the  last  one  is  for  the  flight  control  system 


TABLE  XV.  SELECTED  HYDRAULIC  SYSTEM  COMPONENT  WEIGHTS  AND  VOLUMES 
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1/2  in.  steel  + 
3/8  in.  a 1 un i n  um 


Dis;  I  .AC!.. Mi 


Variable  Displacement  Hydraulic  Pump 
and  Fixed  Displacement  Motor  Sizing. 


RASIC  PUMP  PACKAGE  WEIGHT 
WEIGHT,  LB  (ON  ACCESSORY  GEARBOX 
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Figure  41.  Hydraulic  Pump  Weights. 
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BASIC  PIMP  PACKAGE  VOLUME 
VOLUME,  IN.3  0N  accessory  gearbox,  in. 
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Figure  42.  Hydraulic  Pump  Volumes. 
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UTILITY  PUMP  PACKAGE 
VOLUME  WHEN  APU  PUMP 
IS  ADDED  TO  SYSTEM 


.SYSTEM  LINES  rtNU  VALVE 
VOLUME  Tu  CONNECT  APU 
I UMP  TO  MOTOR  ON 
ACCESSORY  CKARBOX 


Figure  40  contains  generalized  sizing  curves  for  variable 
displacement  pumps  and  fixed  displacement  motors,  used  in 
candidate  systems  requiring  additional  pumps  and  motors.  The 
curves  were  constructed  from  composite  data  obtained  from  the 
survey  of  manufacturers  and  from  supplemental  data.  The  pump- 
or  motor-rated  speed  and  displacement  are  indicated  in  Figure 
40  at  the  juncture  of  the  theoretical  component  flow  and  the 
speed  line  band  for  a  particular  technology  level.  The  compo¬ 
nent  weight  and  volume  are  found  in  Figure  40  as  functions  of 
displacement.  The  actual  flow  was  obtained  by  applying  a  vol¬ 
umetric  efficiency  of  97  percent  to  the  theoretical  flow. 

Fixed-displacement  motors  were  required  on  most  accessory 
gearboxes  in  the  hydraulic  link  systems;  System  1.2. 0.2 
required  a  variable  displacement  type.  The  motor  weight  is, 
therefore,  heavier  than  that  derived  from  the  curve  for  fixed- 
displacement  motors.  All  engine  starters  were  variable  dis¬ 
placement  types,  and  a  gearbox  and  overrunning  clutch  were 
included  in  the  weight  and  volume  analysis. 

The  pump  efficiencies  for  Technology  Levels  I,  II,  and  III  are 
85,  86,  and  88  percent,  respectively,  at  full  load.  The  pump 
horsepowers  for  the  5-  and  8-gpm  gearbox  pumps  and  the  engine 
starting  pump  are  given  on  Table  XVI. 


TABLE  XVI 

HORSEPOWER  REQUIREMENTS  FOR 
SELECTED  HYDRAULIC  PUMPS 

Technology 

Level 

Pump 

Load 

I 

1 1 

1 1  I 

5  gpm 

Full 

No-load 

10 . 3 

1.6 

10.2 

1  .  4 

9.9 

1.2 

8  gpm 

Full 

No-load 

16 . 5 

2 . 5 

16  .  3 

2  .  3 

15.9 

1.9 

Engine  start 

L 

Full 

No- load 

27 . 6 

4 . 1 

26 . 2 
3.7 

25.9 

3  .  1 
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6.3  PNEUMATIC  SYSTEMS 


r 


Pneumatic  components  were  required  in  14  of  the  27  basic 
candidate  systems  and  in  all  systems  when  an  air-cycle  ECS  was 
included.  Depending  upon  the  specific  systems,  these  compo¬ 
nents  may  include  an  integral  bleed  APU,  air  turbine  starters 
for  main  engine  starting,  an  air  turbine  motor  for  pneumati¬ 
cally  linking  the  APU  to  the  accessory  gearbox,  an  air  com¬ 
pressor  mounted  on  the  gearbox  (which  may  be  driven  by  the  APU 
or  Lhe  main  engines  and  may  supply  air  for  engine  starting 
and/or  for  the  air-cycle  ECS),  and  the  ECS  package. 

6.3.1  Air  Turbine  Starters 

The  air  turbine  starter  is  composed  of  six  major  components: 
an  inlet  plenum,  a  turbine  assembly,  a  reduction  gear  system, 
an  overrunning  clutch,  a  speed  switch,  and  an  output  shaft. 

The  turbine  section  includes  a  single-stage  turbine  wheel  with 
a  full  admission  nozzle  and  a  containment  ring.  The  overrun¬ 
ning  clutch  engages  and  drives  the  starter  output  shaft  during 
the  starting  cycle  and  disengages  centri f ugally  for  overrun¬ 
ning  at  engine  operating  speeds.  The  starter  is  designed  to 
accomplish  the  starting  cycle  automatically,  when  used  in  con¬ 
junction  with  an  air  shutoff  valve  closed  by  a  signal  irom  the 
centrifugally  operated  speed  switch.  The  starter  is  also 
designed  to  function  with  bleed-air  from  a  main  engine  and 
provide  cross-bleed  start  capability  in  the  aircraft.  The 
pneumatic  starting  system  performance  is  discussed  in  Section 
6.6. 

The  air  turbine  starter  and  valve  description  are  shown  on 
Table  XVII  for  the  three  technology  levels.  Since  the  main 
engine  requirements  were  constant  for  all  technology  levels, 
the  decreases  in  size  and  weight  are  the  result  of  increased 
speed  and  turbine  efficiency,  higher  system  pressure,  advanced 
materials,  and  improved  transmission  (gearbox)  efficiencies. 
The  turbine  efficiency  for  Technology  Level  I  is  slightly 
lower  than  air  turbine  starters  currently  used  on  production 
aircraft.  Wei 1 -des igned  starters  are  exhibiting  overall  effi¬ 
ciencies  (turbine  plus  gearbox)  of  approximately  77  percent. 
However,  because  of  the  small  starting  power  required  of  the 
advanced  technology  engines  in  this  study  (approximately  18 
shp  at  59°F,  sea  level),  the  starter  turbine  size  wi ’ 1  be  in 
the  small,  higher  speed  region  in  order  to  maintain  a  full 
admission  nozzle  with  a  turbine  diameter  of  2  in.  or  less. 
Thus,  the  overall  efficiency  indicated  in  Table  XVII  is  the 
estimated  turbine  and  mechanical  efficiency  achievable  in  this 
small  size  component. 


TABLE  XVII 


AIR  TURBINE  STARTER  DESCRIPTION 


Technology  Level 


Components  I  II  III 


ATS 


Efficiency  (overall) 
pet 

73 

76 

78 

Weight,  lb 

7 

6 

4.5 

Volume ,  in .  ^ 

88 

71.5 

53 

Major  diameter,  in. 

4 

3.75 

3.5 

Length,  in. 

7 

6.5 

5.5 

VALVE  (Pressure  Regulator) 

Line  size,  in. 

1.5 

1.25 

1.0 

Weight,  lb 

3.  5 

3.0 

2.5 

Volume ,  in. ^ 

40 

36 

30 

Pressure  drop,  pet 

0.85 

0.80 

0.60 

of  inlet  pressure 


6.3.2  Air  Turbine  Motors 


The  air  turbine  motors  are  constant  output  speed  units  that 
convert  pneumatic  power  into  mechanical  power  by  means  of  a 
turbine  wheel  and  speed-reduction  gear  system.  These  units 
accelerate  to  governed  speed  upon  ODening  the  shutoff  valve 
at  the  turbine  inlet,  and  function  automatically  at  a  governed 
speed  by  adjustment  of  the  airflow  according  to  load  require¬ 
ment.  Because  of  the  necessary  load  range,  variable  turbine 
nozzles  were  included  that  operate  in  conjunction  with  a  speed 
sensor  to  hold  the  governed  speed  over  the  load  and  inlet 
pressure  ranges.  This  control  method  is  preferred  over  that 
of  throttling  the  inlet  airflow,  since  off-design  efficiencies 
will  be  higher. 

The  ATM  units  varied  in  size  from  22  to  67  hp>  depending  upon 
the  system  and  technology  level  for  this  power  class.  For  the 
system  pressure  levels,  the  use  of  turbomachinery  is  preferred 
over  the  positive  displacement  air  motors  because  of  the 
inherent  lower  weight,  higher  efficiency,  and  compatibility 
with  the  available  bleed-air  pressure  levels. 

Table  XVIII  shows  the  ATM's  as  sized  for  each  system  and  tech¬ 
nology  level.  Weights  include  the  inlet  valve,  turbine  wheel 
containment,  variable  turbine  nozzles,  constant  speed  con¬ 
trols,  and  gearbox.  The  pneumatic  ducting  is  included  for  all 
systems  for  a  distance  of  4  ft  between  the  APU  and  ATM  in 
Table  XIX.  The  decrease  in  ducting  size  with  technology  level 
is  from  decreased  airflow  as  a  result  of  increased  system 
pressure  and  increased  ATM  efficiency.  Efficiency  levels  for 
Technology  Levels  I,  II,  and  III  are  75,  76,  and  78  percent, 
respectively.  ATM  weight  and  size  trends  are  shown  in  Figure 
43. 


6.3.3  Air  Compressors 

Shaft-driven  air  compressors  are  required  in  candidate  systems 
to  furnish  pneumatic  power  when  the  APU  is  designed  as  a  shaft 
power  machine.  In  some  systems,  pneumatic  power  is  required 
for  engine  starting  and/or  the  ECS.  By  mounting  on  the  acces¬ 
sory  gearbox,  the  compressor  may  be  driven  by  the  APU  for 
ground  operation  or  by  the  main  engine  in  flight.  The  latter 
would  eliminate  bleeding  the  main  engines. 

Single-stage  centrifugal  air  compressors  are  used  in  this 
study.  The  compressor  pressure  requirements  are  the  same  as 
those  for  the  APU  bleed-air  shown  on  Table  XX,  which  includes 
a  description  of  the  compressors  used  in  the  study.  The 
weight  and  volume  trends  are  given  in  Figure  44.  The  compres¬ 
sor  unit  is  designed  io  mount  on  the  accessory  gearbox  and 
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Figure  43.  ATM  Weight  and  Volume. 
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Figure  44.  Air  Compressor  Weight  and  Volume 


75 


TABLE  XX.  GEARBOX-MOUNTED  AIR  COMPRESSOR  DESCRIPTION 


Technology  Level 

System  - 

Type  Item  I  II  III 


All 

Pressure  ratio 

3.5 

4.5 

5.5 

Without  ECS 

Flow,  lb/min 

14.1 

10.6 

8.9 

Weight,  lb. 

22.4 

19.6 

16.5 

Volume,  ft 

0.27 

0.22 

0.18 

With  ECS 

Flow,  lb/min 

23.0 

14.3 

9.6 

Weight,  lb^ 

25.5 

20.8 

16.7 

Volume,  ft 

0.33 

0.25 

0.18 

operate  at  essentially  constant  speed  when  driven  by  the  APU 
or  the  main  engine.  All  compressors  include  a  gearing  system 
to  step  up  the  input  speed  fr c<  the  gearbox,  a  clutch  to  dis¬ 
connect  the  unit  when  compressed  air  is  not  required,  a  lube 
system,  and  complete  controls  to  accommodate  changes  in  system 
airflow  requirements.  The  latter  includes  a  surge  valve  for 
regulating  flow  to  within  the  impeller  operating  range.  The 
clutch  is  a  f i 11-and-drain  type  fluid  coupling  integral  with 
the  compressor  gearbox  assembly  and  utilizes  the  gearbox  lub¬ 
ricant  as  the  working  fluid. 

6 . 4  ACCESSORY  GEARBOX 

The  accessory  gearbox  is  part  of  the  basic  secondary  power 
system  and  is  included  in  all  candidate  systems.  This  gearbox 
is  for  mounting  and  driving  the  primary  system  hydraulic  pumps 
and  electric  generators.  For  the  study,  the  accessory  gearbox 
was  treated  as  a  separate  component  with  a  specific  weight  and 
volume,  according  to  the  requirements  of  the  different  systems. 
The  basic  gearbox  description  and  the  additional  pads  or  drives 
required  for  system  variations  (such  as  when  the  gearbox  is 
linked  to  the  APU  electrically,  hydraulically,  pneumatically, 
or  mechanically)  or  for  the  addition  of  an  air  compressor  are 
shown  on  Table  XXI . 
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TABLE  XXI .  ACCESSORY 

GEARBOX  WEIGHTS  AND 

VOLUMES 

Technology  Level 

■ 

I 

II 

! 

III 

l 

Components 

Wt 

(lb) 

Vol 

(ft3) 

Wt 

(lb) 

Vol 

(ft3) 

Wt 

(lb 

Vol 

(ft3) 

1  ,  1 

Basic  gearbox 

Added  Components* 

Motor  Drive  Pads : 

43 

1.3 

37 

1.3 

32 

1 

1.2 

Air  Turbine 

6 

0.1 

5.3 

0.1 

4.7 

0.1 

Hydraulic 

6 

0.1 

5.3 

1  0.1 

4.7 

0.1 

1 

Electric 

8 

0.1 

7 

0.1 

6.2 

0.1 

Compressor  Drive 

Pad 

6 

0.1 

5.3 

0.,1 

4.7 

i 

0.1 

Shaft  connection 
for  remote 

APU 

4 

1 

3.5 

s 

- 

3  1 

1 

- 

APU  Mount  Pad 

8 

0.1 

7 

i 

0.1 

6.2 

0.1 

*Additional  weight 

1 

1 

and  volbme  to 

basic 

gearbox 

required. 

77 


I 

The  basic  gearbox  is  shown  in  Figure  45.  In  an  actual  instal¬ 
lation,  the  gearbox  could  be  attached  to  the  main  rotor  trans¬ 
mission  and  share  a  common  oil  sump.  For  this  reason,  all 
components  have  been  located  on  one  side.  The  tail  rotor 
drive  is  a  straight-through  shaft  from  the  rotor  gearbox  and 
drives  the  accessory  gearbox  through  a  splined  gear.  For  sys¬ 
tems  having  a  power  link  from  the  APU  to  the  gearbox,  an  over¬ 
running  clutch  is  required  at  the  tail  rotor  drive  shaft  input 
to  allow  the  gearbox  to  be  independently  driven  by  APU  power 
during  systems  checkout  and  maintenance. 

The  basic  gearbox  comprises  a  spur  gear  train  within  a  mag¬ 
nesium  housing.  The  generators  are  driven  at  12,000  rpm;  the 
hydraulic  pump  speeds  are  between  approximately  9000  to  16,000 
rpm,  depending  on  the  technology  level. 

The  gearbox  requires  a  separate  internal  lubrication  pump  from 
the  main  rotor  transmission,,  to  facilitate  operation  when  the 
main  engines  are  not  driving  the  rotor  transmission.  This 
pump  is  sized  to  produce  all  lubrication  within  the  box  plus 
cooling  oil  for  the  electric  generators.  Other  components 
associated  with  a  particular  system,  such  as  an  electric  motor, 
air  turbine  motor,  or  an  air  compressor,  are  also  furnished 
cooling  oil.  Hydraulic  elements  are  cooled  separately  within 
the  hydraulic  system. 

The  reduced  weights  for  advanced  technology  levels  (Table  XXI) 
are  predictions  based  on  the  following: 

1.  Gear  weight  reductions  through  the  use  of  higher 
strength  materials,  fabricated  gear  construction, 
improved  gear  load-carrying  capacity  by  improved 
lubrication  and  cooling  methods,  and  higher  speed 
accessories . 

2.  Bearing  weight  reductions  by  the  use  of  advanced 
journal  bearings  throughout  the  gearbox. 

3.  Case  material  advances. 

6.5  PRIMARY  MAIN  ENGINE  STARTING  SYSTEM 

A  summation  of  APU  power  required  for  engines  starting  at  59°F 
sea  level  is  presented  in  Table  VIII,  Page  53,  for  each  candi¬ 
date  system  and  technology  level.  APU  power  is  shown  in  terms 
of  equivalent  shaft  horsepower  (eshp) ,  where  the  total  re¬ 
quirement  is  a  combination  of  shaft  power  and  the  power  re¬ 
quired  to  generate  the  bleed-air.  The  latter  is  directly  com¬ 
parable  to  the  power  for  a  separate  compressor  driven  by  the 


APU  when  it  is  furnishing  compressed  air  at  the  same  pressure 
ratio  and  flow  rate.  Equivalent  shaft  horsepower  is  the  shp 
when  no  bleed-air  is  extracted. 


The  simultaneous  4-kva  electrical  power,  necessary  for  start¬ 
ing,  is  produced  from  the  primary  electrical  system  generators 
on  the  accessory  gearbox  by  means  of  the  APU-to-gearbox  power 
link.  For  electrical-link  systems,  this  power  is  obtained 
directly  from  the  generator  mounted  on  the  APU  and  does  not 
require  operating  the  accessory  gearbox.  In  determining  the 
total  APU  power  for  an  engine  start,  all  system  and  power 
transmission  losses  in  both  the  starter  and  the  electrical 
power  link  systems  were  included.  For  example,  in  addition  to 
extracting  the  electrical  load  from  a  40-kva  generator,  the 
accessory  gearbox  load  also  includes  the  drag  of  the  unloaded 
second  40-kva  generator,  the  hydraulic  pumps,  gearing,  and 
lubrication  system  losses.  Power  link  losses,  such  as  between 
the  APU  and  gearbox,  were  included.  These  system  losses 
varied,  depending  upon  the  candidate  SPS,  but  account  for  the 
rather  high  APU  power  for  engine  starting  in  some  systems. 

A  30-sec  start  time  from  initiation  to  engine-idle  speed  at 
59°F,  sea  level,  static  ambient  conditions  for  the  advanced 
technology  engine  (ATE)  was  the  criterion  for  the  engine 
starting  analyses.  Starting  analyses  were  conducted  using 
pneumatic,  hydraulic,  and  electrical  starter  motors.  The 
starting  times  from  initiation  to  engine-idle  speed  obtained 
from  the  analyses  are  shown  on  Table  XXII.  At  -65°F,  longer 


TABLE  XXII.  START-TIME  SUMMARY,  ADVANCE  TECHNOLOGY 

ENGINE, 

SEA  LEVEL,  STATIC 

Ambient 

Time  to  1 

Starter  Motor 

Temperature 

Idle  j 

Type 

°F 

sec  : 

Pneumatic 

130 

39* 

59 

30* 

-65 

27* 

Hydraulic 

59 

30 

-65 

42 

Electric 

59 

26 

-65 

47 

*1  sec  included 

for  valve  opening 

starting  times  for  the  hydraulic  and  electric  motor  were 
required  than  for  the  pneumatic  motor,  and  to  stay  within  an 
arbitrary  start-time  limit  of  50  sec  on  a  -65°F  day,  the  elec¬ 
trical  system  59°F  rating  was  increased  (thus  decreasing  the 
59°F  day  starting  time)  .  The  reason  for  this  is  evident  from 
the  torque  curves  (Figure  46) .  These  curves  of  the  electrical 
and  hydraulic  starting  systems  are  essentially  constant  with 
ambient  conditions.  The  pneumatic  system  has  more  torque  at 
lower  temperatures,  thus  approximating  the  drag  torque  increase 
of  the  engine  with  decreasing  temperature.  Also,  the  pneumatic 
starting  system  produced  acceptable  starts  at  10,000  ft,  when 
sized  for  sea-level  conditions. 

If  the  torque  curves  of  the  hydraulic  or  electrical  system  of 
Figure  46  are  to  be  met  at  extreme  hot  conditions,  the  APU 
rating  at  59°F  sea  level  must  be  increased  approximately  30 
percent. 

For  a  hydraulic  system,  it  may  be  feasible  to  allow  the  system 
pressure  to  decrease  and,  thus,  match  the  decreased  APU  power 
available  at  the  higher  ambient  temperatures  or  at  altitude. 

It  may  also  be  feasible  to  use  a  dual  pressure  feature  in  hy¬ 
draulic  systems.  This  allows  a  reduction  in  system  pressure 
and,  hence,  reduced  power  for  certain  operating  conditions, 
such  as  hot-day  ground  conditions  or  at  altitude  where  less 
starting  power  is  required.  This  latter  feature  could  be 
accomplished  by  an  electrically  operated,  two-position  compen¬ 
sator  on  the  pump  operated  by  eirher  an  altitude  pressure 
switch  or  a  manual  switch. 

The  electric  start  curve  (Figure  47)  shows  a  constant  output 
torque  characteristic  in  the  lower  speeds  rather  than  a 
decreasing  torque  characteristic  with  increasing  speed.  This 
constant  torque  output  would  be  accomplished  by  automatically 
limiting  the  motor  current.  This  output  characteristic  was 
used  to  avoid  excessively  fast  starts  at  higher  ambient  tem¬ 
peratures  while  an  acceptable  low-temperature  start  was  main¬ 
tained. 

For  systems  with  a  direct  drive  from  the  APU  to  the  accessory 
gearbox,  a  f ill-and-drain-type  fluid  coupling  is  included  in 
the  gearbox,  to  transmit  the  shaft  power  and  prevent  shaft 
power  from  being  transmitted  in  either  direction  when  not 
desired.  For  systems  having  a  compressor  on  the  gearbox,  a 
clutch  is  included  to  uncouple  the  compressor  when  operation 
is  not  required. 
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Since  redundant  main  engine  starting  systems  were  considered 
as  possible  additions  to  the  SPS,  this  analysis  was  conducted 
after  the  selection  of  the  recommended  SPS,  as  discussed  in 
Section  9. 

6.6  ENVIRONMENTAL  CONTROL  SYSTEM 


6.6.1  Requirements  and  Ground  Rules 

The  general  requirements  of  the  ECS  are  (1)  ground  and  flight 
cooling,  heating,  and  ventilation  for  the  crew  compartment? 

(2)  troop  compartment  heating  and  ventilation  in  flight;  and 

(3)  avionic  coding. 

Ambient  extreme  conditions  considered  in  the  analysis  are  from 
-65°  to  125°F  at  sea  level,  95°F  at  4000-ft  altitude  for  ground 
operation,  and  -12°F  at  20,000  ft  for  in-flight  operation. 

The  ECS  size  was  based  on  the  most  stringent  of  two  extreme 
ambient  conditions,  both  of  which  exceed  the  requirement  of 
99-  percent  frequency  of  coincident  wet  and  dry  bulb  tempera¬ 
tures,  as  defined  by  the  USAF  Climatic  Center.  These  extremes 
are  125°F  dry  bulb,  28  gr/lb  of  dry  air  and  99°F  dry  bulb  and 
185  gr/lb  of  dry  air  at  sea  level.  Crew  compartment  cooling 
load  was  calculated  as  15,000  Btu/hr  at  a  maximum  compartment 
temperature  of  80°F.  Avionic  cooling  load  was  set  at  2700  w, 
with  a  maximum  operating  temperature  limit  of  160°F. 

The  design  cabin  heating  requirement  was  72,600  Btu/hr  on  a 
-25°F  day,  resulting  in  a  compartment  temperature  of  40°F. 

Cabin  heating  calculations  were  based  on  a  compartment  surface 
area  of  265  sq  ft  and  an  overall  heat  transmission  coefficient 
of  0.42,  which  includes  the  rotor  downwash  effect  during 
ground  and  hover  operation. 

Compressed  air  for  operation  of  the  air-cycle  cooling  systems 
is  provided  by  the  APU,  shaft-driven  compressor,  or  the 
main  propulsion  engine.  Airflow  rates,  pressures,  and  temper¬ 
atures  used  in  the  analysis  for  the  various  technological 
levels  of  development  are  shown  on  Table  XXIII. 

Ventilation  of  troop  compartment  in  flight  is  assumed  to  be 
supplied  through  an  external  scoop  and  on  the  ground  by  a 
ventilating  fan.  Either  system  is  assumed  to  provide  a  veloc¬ 
ity  of  300  ft/min  in  the  cabin  space. 

Avionics  cooling  of  the  2700-w  cooling  load  is  accomplished  by 
drawing  compartment  air  into  the  electronic  bay  by  an  elec¬ 
trically  driven  axial-flow  fan. 
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6.6.2  Vapor  Cycle  Systems 

In  the  vapor  cycle  systems,  crew  compartment  air  would  be  re¬ 
circulated  across  the  evaporator  for  cooling.  The  heat  load 
of  the  condenser  rejects  to  ambient  air  circulated  by  a  small 
fan  on  the  ground  and  by  ram  air  during  flight. 

All  of  the  vapor  cycle  studies  were  based  on  the  concept  of  a 
self-contained  package  consisting  of  evaporator;  condenser; 
condenser  fan;  recirculating  fan;  an  electric-powered,  her¬ 
metically  sealed,  centrifugal  compressor,  and  the  necessary 
controls.  Condenser  temperature  was  assumed  to  be  125°F.  The 
compartment  is  heated  by  the  introduction  of  engine  bleed-air 
downstream  from  the  evaporator,  where  cabin  air  is  mixed  with 
the  bleed-air  in  an  ejector  to  reduce  temperature  gradients 
before  introduction  into  the  new  compartment  (Figure  47)  . 

The  weight  and  volume  of  a  vapor  cycle  system  for  the  three 
technology  levels  were  estimated  from  design  exercises  for  1- 
and  3-ton  units,  plus  an  existing  10-ton  unit.  The  weight, 
volume,  and  electrical  power  required  by  these  systems  are 
shown  in  Figure  48. 

Since  one-half  of  the  system  weight  and  volume  is  attributable 
to  heat  exchangers  and  piping,  much  of  the  weight  reduction 
anticipated  for  the  advanced  technology  systems  is  achieved  by 
higher  refrigerant  pressures.  These  higher  pressures  result 
in  a  lower  operating  efficiency,  and  the  system  requires  more 
power..  Some  weight  and  volume  savings  may  be  obtained  from 
heat  exchanger  development,  such  as  use  of  new  alloys,  better 
brazing  techniques,  and  improved  mechanical  joining  methods. 
Advanced  technology  applied  to  the  compressor  wheel  design, 
for  higher  efficiencies  and  improved  compressor  cooling,  will 
tend  to  lower  the  weight,  volume,  and  power  requirements  for 
the  advanced  technology  periods  up  to  15  percent. 

Since  the  available  bleed-air  pressure  ratio  is  3.5  or  higher, 
air  turbine-driven  compressors  may  give  further  weight  and 
volume  savings  of  10  or  15  percent.  A  direct  shaft  drive 
would  probably  not  be  beneficial,  since  the  weight  savings 
would  be  largely  offset  by  a  clutch  mechanism.  Either  of 
these  configurations  requires  a  shaft  seal  for  the  compressor, 
which  is  a  potential  leak  source  and  tends  to  increase  main¬ 
tenance  manhours  per  flight  hour. 


86 


One  of  the  major  drawbacks  of  the  vapor  cycle  unit  is  the  lack 
of  means  to  heat  the  cockpit.  Present  Freons  cannot  be 
exposed  to  surface  temperatures  in  excess  of  300 °F,  but  if  a 
refrigerant  were  developed  which  could  stand  700°  to  8Q0°F,  a 
bypass  valve  arrangement  and  a  coil  heat  exchanger  (recovering 
gas  turbine  exhaust  heat)  could  be  used  for  cabin  heating. 
Reverse-flow  Freon  systems  (similar  to  the  commercial  heat 
pump)  have  been  used  but  have  not  proven  satisfactory  for  heat¬ 
ing  operations,  since  their  effectiveness  diminishes  with  de¬ 
creasing  ambient  temperature.  Thus,  all  vapor  cycle  systems 
must  be  supplemented  with  electric  heaters,  combustion  heaters, 
compressor  bleed-air  extractions,  or  exhaust  gas  turbine  heat 
exchangers  for  compartment  heating. 

Combustion  heaters  are  not  only  heavier,  but  service  experience 
has  proven  that  this  type  of  system  is  less  reliable  than  other 
methods.  Compressor  bleed-air  extraction  is  the  lightest  and 
simplest  heating  system  to  use  in  conjunction  with  vapor  cycle 
systems.  These  require  the  addition  of  bleed-air  ducting  and 
a  temperature  modulating  valve  regulated  by  the  cockpit  tem¬ 
perature  control  system.  A  high-limit  duct  thermoswitch  is 
activated  to  protect  the  cockpit  and  the  passenger  compartment 
from  excessive  temperatures. 

6.6.3  Air-Cycle  Systems 

Both  simple  and  bootstrap  cycles  were  evaluated  to  determine 
the  optimum  air-cycle  ECS  for  this  application.  Bootstrap 
systems  evaluated  include  three-  and  two-wheel  types.  The 
three-wheel  is  shown  schematically  in  Figure  49.  Possible 
simplifications  of  this  system  include  deletion  of  the  pre¬ 
cooler  and  the  substitution  of  an  electrically  driven  fan  or 
an  eductor  to  induce  the  cooling  airflow. 

The  bootstrap  system  precools  the  bleed-air  in  the  heat  ex¬ 
changer,  compresses  it,  and  takes  more  heat  out  of  the  air 
that  passes  through  the  heat  exchanger,  prior  to  expansion 
through  the  turbine.  This  arrangement  is  desirable  when 
bleed-air  pressure  ratios  are  low  Oess  than  3.0:1),  s^nce 
the  compressor  raises  the  pressure  to  more  efficient  levels 
for  the  turbine,  as  well  as  provides  further  cooling  in  the 
heat  exchanger.  Inherently,  the  system  operating  efficiency 
is  always  higher  than  a  simple  air  cycle  but  at  the  expense  of 
added  weight  and  volume. 
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Figure  49,  Typical  Three-Wheel  Bootstrap  Air  Cycle  ECS. 


Simple-cycle  systems  differ  from  the  bootstrap  ir.  that  there 
is  no  compressor;  the  turbine  drives  only  a  cooling  fan.  The 
simple-cycle  system  shown  in  Figure  50  is  recommended  for  this 
application.  It  was  chosen  for  simplicity,  light  weight, 
reliability,  lower  cost,  lower  vulnerability,  and  suitability 
for  the  pressure  ratios  available. 

This  recommended  system  differs  from  the  conventional  in  sev¬ 
eral  respects;  a  reheat-condenser,  a  jet  pump,  and  recircula¬ 
tion  air  are  included.  These  items  not  only  increase  the 
efficiency  of  the  unit  and  reduce  weight,  but  also  increase 
reliability  and  decrease  maintenance  requirements.  The  oper¬ 
ation  of  the  recommended  system,  therefore,  has  several  unique 
features . 

Bleed-air  extracted  from  the  air  source  first  passes  through 
a  venturi  located  near  or  on  the  engine  bleed-air  port,  which 
limits  the  maximum  bleed  airflow.  The  size  of  the  venturi  is 
dependent  upon  engine  and  ECS  cooling  requirements.  Down¬ 
stream  from  the  venturi,  the  airflow  is  routed  through  a  sys¬ 
tem  shutoff  and  pressure  regulator  valve. 

The  bleed-air  is  cooled  almost  to  ram  air  temperatuio  in  the 
high  effectiveness  ram  air  heat  exchanger.  Additional  cooling 
to  well  below  ram  air  temperature  is  achieved  in  the  reheat- 
condenser,  where  the  bleed-air  is  regeneratively  cooled  by 
cold  turbine  discharge  air  recirculated  by  the  jet  pump.  Be¬ 
cause  of  the  high  pressure  and  moderate  temperature  bleed-air 
conditions  in  the  reheat-condenser,  the  bleed-air  is  usually 
cooled  below  dew-point,  and  moisture  condenses  from  the  air  on 
baffles  inside  the  reheat-condenser  outlet  and  sprayed  into  the 
ram  air  inlet  of  the  heat  exchanger,  where  it  re-evaporates  and 
cools  the  ram  air. 

The  cool  high-pressure  bleed-air  leaving  the  reheat-condenser 
is  then  expanded  through  the  cooling  turbine,  and  the  tempera¬ 
ture  is  further  reduced  by  expansion.  The  shaft  energy  pro¬ 
duced  in  the  turbine  drives  a  fan  that  induces  the  ram  cooling 
airflow  across  the  heat  exchanger. 

Air  leaving  the  turbine  enters  the  primary  nozzle  of  a  jet 
pump  where  it  induces  the  regenerative  airflow  across  the  cold 
side  of  the  reheat-condenser.  This  regenerative  flow  comes 
from  the  supply  duct  that  passes  through  the  reheat-condenser, 
cools  bleed-air,  and  then  mixes  with  cold  turbine  discharge 
air  in  the  jet  pump.  If  the  turbine  discharge  air  contains 
entrained  moisture,  a  large  part  of  the  hecit  transfer  in  the 
reheat-condenser  may  cause  the  latent  heat  of  vaporization 
associated  with  condensing  moisture  on  the  bleed-air  side  and 


evaporating  moisture  of  the  regenerative-air  side.  Sensible 
heat  transfer  may  be  only  a  small  portion  of  the  total  transfer 
between  the  two  air  streams. 

From  the  jet  pump  exit,  the  air  is  supplied  to  the  crew  com¬ 
partment  heating  and  cooling  distribution  system.  The  supply 
air  temperature  is  controlled  to  a  value  within  the  nominal 
range  of  35°  to  180°F.  This  is  accomplished  by  a  control  sub¬ 
system  consisting  of  an  integral  control-sensor  unit,  a  hot 
air  bypass  valve,  and  a  turbine  inlet  modulating  valve  mounted 
within  the  ECS  package.  A  temperature  selector  is  mounted  on 
the  pilot  instrument  panel  and  is  set  by  the  pilot  to  the 
desired  temperature. 

In  some  systems,  precoolers  are  used  (as  in  the  bootstrap  sys¬ 
tem  shown  in  Figure  49)  when  the  bleed-air  temperature  is  too 
high  for  aluminum  (above  640°F) .  The  precooler  should  be  as 
near  the  engine  as  possible,  to  keep  the  duct  temperature  as 
low  as  possible. 

Temperature,  pressure,  and  flow  controls  are  required  in  all 
air  cycle  systems  to  minimize  the  bleed  airflow  penalty  and  to 
provide  system  flexibility  over  the  flight  envelope.  The 
weight,  volume,  and  bleed  airflow  required  are  shown  in  Figure 
51  for  the  simple-cycle  system. 

6.6.4  ECS  Study  Conclusions 

The  3tudy  revealed  that  the  vapor  cycle  ECS  weight  and  volume 
would  not  be  competitive  with  the  air  cycle  systems.  The 
study  also  indicated  that  the  combined  weight  of  the  air  cycle 
system  and  the  fuel  required  to  furnish  bleed-air  power  is 
less  than  the  combined  weight  of  the  vapor  cycle  system,  the 
fuel  required  to  furnish  power,  and  the  extra  weight  of  a 
heating  system.  This  is  caused,  in  part,  by  the  high  infil¬ 
tration  rate  into  helicopter  cabins.  The  cooling  load  for  the 
air  cycle  systems  is  not  affected  by  infiltration  as  severely 
as  is  the  vapor  cycle  system,  since  the  air  cycle  flow  is  not 
recycled  but  tends  to  pressurize  the  cockpit.  For  a  vapor 
cycle  system  to  be  competitive  with  an  air  cycle  system  from 
a  weight  and  volume  standpoint,  the  cockpit  infiltration  must 
be  held  to  a  minimum,  so  that  50  to  80  percent  recirculating 
air  can  be  used.  The  reliability,  maintainability,  and  vul¬ 
nerability  of  air  cycle  systems  are  also  considered  much  bet¬ 
ter  than  those  for  vapor  cycle  systems,  especially  since 
small,  lightweight,  vapor  cycle  systems  for  aircraft  do  not 
exist  today. 
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Increasing  the  pressure  of  the  working  fluid  tends  to  lower 
the  weight  and  volume  of  both  types  of  systems.  However,  in¬ 
creasing  the  refrigerant  pressure  in  the  vapor  cycle  severely 
lowers  the  efficiency  of  the  system,  whereas  little  change  is 
encountered  when  the  air  cycle  pressure  is  increased.  In 
fact,  the  best  turbine  efficiencies  are  usually  obtained  if 
pressure  ratios  above  3.0:1  are  maintained.  Since  the  boot¬ 
strap  system  is  most  efficient  when  the  bleed-air  supply  pres¬ 
sure  ratio  is  less  than  3.0:1  and  the  available  pressure  ratio 
is  always  higher,  the  simple-cycle  bleed-air  system  was  chosen 
for  the  SPS  analysis. 

6.6.5  Heating  and  Ventilating  Systems 

The  basic  secondary  power  system  was  required  for  ventilation 
of  the  cockpit,  cabin,  and  avionics  compartment.  A  refriger¬ 
ation  ECS  was  an  optional  item  added  to  the  basic  systems  to 
determine  any  penalty  to  the  aircraft.  However,  a  heating 
system  was  necessary  in  all  SPS's  to  provide  a  40°F  cabin/ 
cockpit  temperature  as  the  outside  air  temperature  drops  to 
-25 °F.  To  determine  system  component  requirements,  it  was 
necessary  to  include  provisions  for  heating,  ventilating,  or 
cooling. 

The  heating  load  was  between  70,000  to  80,000  Btu/hr,  based  on 
estimated  dimensions  and  structure  of  the  cockpit  and  cabin. 
For  the  study,  the  maximum  avionics  compartment  temperature 
was  established  at  160°F;  this  can  be  maintained  by  the  use  of 
a  ventilating  fan  to  dissipate  the  2700-w  load  at  hot-day 
conditions . 


For  systems  without  ECS,  the  ventilating  flows  were  estimated 
as  follows: 


Avionics  270  cfm,  6  in.  H20 

Cockpit  60  cfm,  6  in.  H20 

Cabin  350  cfm,  6  in.  H20 

The  type  of  heaters  and  ventilating  equipment  was  dependent 
upon  the  type  of  APU.  Since  the  APU  provides  system  power  on 
the  ground  when  the  main  engines  are  not  in  operation,  the 
heating  system  was  directly  related  to  the  type  of  APU  power 
available.  For  instance,  bleed  type  APU's  can  provide  pres¬ 
surized  warm  air,  which  could  be  conveniently  used  in  a  simple 
ejector  or  jet  pump  system  (Figure  52) .  This  was  designated 
as  a  bleed-  air  heater.  In  operation,  the  bleed-air  provides 
the  primary  airflow  in  the  ejector,  which  induces  a  secondary 
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Figure  52.  Heating  and  Ventilating  Schematic, 
Systems  With  Bleed-Type  APU, 


flow  of  recirculated  cabin  air  that  mixes  with  the  warm  air  to 
provide  the  required  temperature.  A  temperature  regulating 
and  selector  control  was  included  that  senses  the  mixed  air 
temperature  and  regulates  the  hot  airflow  by  means  of  a  modu¬ 
lating  pneumatic  valve.  The  bleed-air  heater  is  operable  from 
the  APU  on  the  ground  or  from  main  engine  bleed-air  in  flight; 
the  electric-motor-driven  heater  fan  may  be  used  for  ventila¬ 
tion.  A  separate  fan  was  included  for  ventilation  of  the 
avionics  compartment. 

For  systems  with  a  shaft-power- only  APU  and  no  air  compressor, 
it  was  necessary  to  provide  a  combustion  heater.  The  heater 
and  fan  assembly  (Figure  53)  can  provide  both  heat  and  venti¬ 
lation  to  the  cockpit  and  cabin  and  is  operable  on  the  ground 
and  in  flight.  All  necessary  components  for  installation  in 
the  aircraft,  such  as  fans,  controls,  fuel  pump,  filters, 
valves,  ignition  unit  switches,  flanges,  and  clamps  are  in¬ 
cluded  in  the  heater  unit  weight  and  size.  An  installation 
factor  was  included  to  account  for  ducting,  mounts,  cockpit 
controls,  etc.  Several  candidate  systems  with  a  shaft-power 
APU  had  an  air  compressor  driven  by  the  APU.  These  systems 
had  only  a  bleed-air  heater. 
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Figure  53.  Heating  and  Ventilating  Schematic,  Systems  Without 
ECS  and  Without  a  Compressed  Air  Source. 


An  alternate  heating  system  investigated  for  a  shaft  power  APU 
was  an  exhaust  heat  exchanger.  In  this  system,  the  heat  ex¬ 
changer  would  be  installed  around  the  APU  exhaust  through 
which  the  cabin  air  could  be  ducted.  This  could  provide  suf¬ 
ficient  heating  when  the  APU  was  operated,  but  in  flight  a 
bleed-air  heater  operated  by  main-engine  bleed-air  had  to  be 
included.  The  combined  weight  of  these  components  was 
slightly  greater  than  that  of  the  combustion  heater  system. 

An  APU  exhaust  heater,  however,  would  be  a  convenient  method 
of  supplementing  bleed-air  heater  systems  for  extreme  low- 
temperature  conditions,  when  a  system  employing  a  bleed-air 
heater  could  produce  additional  heating.  This  would  be  par¬ 
ticularly  applicable  to  Technology  Level  III  where  less  APU 
bleed-air  was  available  because  of  reduced  cooling  and  engine 
starting  requirements. 

When  the  air  cyc1e  environmental  control  system  was  added  to  a 
baseline  system,  the  heater  was  removed,  since  the  ECS  package 
was  capable  of  supplying  both  cooling  and  heating  (Figure  54) . 
This  dual  function  is  accomplished  automatically  by  the  temper¬ 
ature  regulating  and  selector  control.  The  refrigeration  unit 
includes  a  hot  air  bypass  which  mixes  the  hot  air  with  cooled 
air  to  obtain  the  desired  discharge  air  temperature.  The  sys¬ 
tem  is  operable  from  APU  or  main  engine  bleed  air.  Avionic 
compartment  cooling  is  obtained  by  ducting  the  relatively  cool 
cockpit  air  to  the  compartment.  A  fan  in  the  avionics 
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compartment  was  maintained  to  ensure  a  flow  of  cooling  air 
under  normal  conditions  and  in  case  of  leakage  from  battle 
damage  to  the  cockpit. 

The  weights  and  volumes  of  all  heater  systems  are  included  in 
Table  XXIV. 

6.7  APU 

The  APU  analysis  is  dependent  upon  the  definition  of  the  duty 
cycle  of  the  secondary  power  system  and  the  power  requirements 
of  each  candidate  system.  These  criteria  define  the  general 
power  range  of  the  APU.  The  APU  power  class  influences  cycle 
assumptions  such  as  component  efficiencies,  cooling  flows, 
and  pressure  drops.  When  the  cycle  assumptions  were  defined, 
a  study  was  conducted  for  a  range  of  cycle  parameters.  The 
main  purpose  of  the  parametric  study  was  to  define  the  opti¬ 
mum  APU  cycles  and  configuration  for  this  applicaton.  Normal¬ 
ized  APU  off-design  performance  curves  for  various  configura¬ 
tions  were  generated  for  the  study.  Performance  and  weight/ 
volume  data  for  the  selected  cycles/configuration  were  calcu¬ 
lated  for  the  power  class  range  of  the  APU.  These  data  were 
used  in  the  systems  comparison  analysis,  and  various  APU 
starting  systems  were  evaluated  (Section  8.4). 
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TABLE  XXIV.  HEATER 

SYSTEM  WEIGHTS  AND  VOLUMES 

* 

Technology  Levels 

I 

II 

III 

lb 

ft3 

lb  ft3 

lb 

ft3 

Bleed  Air  Heater 

13.5 

0.19 

13.5  0.19 

12 

0.19 

(includes  ejector, 
primary  air  shutoff 
and  regulating 
valve,  temperature 
controls ,  electric 
motor-driven  blower) 

Combustion  Heater 

58.5 

2.10 

58.5  2.10 

53 

1.90 

(includes  basic 
heater ,  two  blowers , 
fuel  controls,  fuel 
pump,  filter,  igni¬ 
tion,  switch,  duct 
flanges,  clamps, 
plenum) 

ECS  (Refrigeration 
and  Heating 
(Section  6.6) 

27 

1.70 

24  0.90 

22 

0.75 

♦Values  shown  for  weight  and  volume  do  not  include 
lation.  A  weight  installation  factor  of  1.35  was 
for  all  heaters  and  ECS. 

instal- 

used 

6.7.1  Parametric  Cycle  Study 
Introduction  and  Summary 

The  APU  parametric  cycle  study  was  conducted  on  the  non¬ 
regenerated,  regenerated,  and  after-heat  cycles.  The  three 
technology  time  periods  outlined  in  Section  1  formed  the 
guidelines  for  the  study. 

Component  efficiencies,  pressure  drops,  leakages,  cooling  flow 
schedules,  accessory  power,  and  regenerator  effectiveness  were 
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assumed  fojr  the  selected  cvcleQ  wi  +*vi  4- j_  _ _  , 

cycle  date  were  generated  Severing"^  l^wing^S^ ers , 

1.  Overall  cycle  pressure  ratios  of  4  to  20:1 

Turbine  inlet  temperatures  of  1600°  to  2400°F 

3.  Bleed-air  pressure  ratios  of  2  to  6:1 

4.  Regenerator  effectiveness  of  0,80  to  0.90 

1*  Performance 

(a)  Design 

(b)  Off-design 
2.  Other 

(a)  Maintainability 

(b)  Reliability 

(c)  Complexity 

(d)  Vulnerability 

(e)  Initial  manufacturing  cost 

(f)  Initial  life-cycle  cost 

and 

Basic  Cycles  Considered 

Of  the  three  basic  cycles  considered  for  the  qf-n^v 

the  turbine  Section?  “  the  corabustor  **  Seated  behind 

gTs^;4h:i^^°  £^4^3^  m- 

at  hi9her  pr™ 
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Figure  56  shows  the  basic  configuration  of  the  regenerated 
cycle.  The  heat  exchanger  may  be  either  a  rotary  regenerator 
or  a  fixed-boundary  recuperator.  The  inherently  higher  effi¬ 
ciency  of  regenerated  cycles  permits  SFC  optimization  at  lower 
turbine  inlet  temperatures  and  cycle  pressure  ratios.  The 
regenerated  cycle  will  exhibit  lower  fuel  consumption  than  the 
non-regenerated  cycles.  However,  the  size  and  weight  of  the 
regenerated  are  higher  than  those  of  the  non-regenerated 
cycles . 


A  typical  after-heat  cycle  example  is  shown  in  Figure  57.  It 
is  a  regenerative  type,  with  the  burner  and  turbine  positions 
reversed  in  the  flow  path.  The  optimum  fuel  consumption  is 
between  the  regenerated  and  non-regenerated  cycles.  The  prin¬ 
cipal  advantage  is  that  clean  air,  rather  than  the  products  of 
combustion,  is  permitted  to  enter  the  turbine  section.  The 
size  and  weight  of  the  after-heat  configurations  are  larger 
than  those  of  the  regenerated  cycles. 


Cycle  Assumptions 


Establishing  cycle  assumptions  for  the  parametric  study  neces¬ 
sitated  a  review  of  the  present  technology  (Technology  Level 
I)  and  an  extension  of  this  to  Technology  Levels  II  and  III. 
The  cycle  assumptions  are  representative  of  the  size  of  turbo¬ 
machinery  being  analyzed  in  this  study.  Tables  XXV  through 
XXXIII  summarize  the  assumptions. 


Parametric  Cycle  Data 

From  the  assumptions  listed  in  the  previous  section,  paramet¬ 
ric  cycle  data  were  generated  by  using  a  design-point  compo¬ 
nent  matching  program.  Several  useful  parametric  quantities, 
such  as  specific  horsepower  and  SFC,  are  obtained  from  this 
program. 

The  ranges  of  cycle  parameters  covered  in  this  study  are: 


APU  eshp 

Cycle  pressure  ratio 

Turbine  inlet  temperature 

Bleed-air  pressure  ratio 

After-heat  cycle  rotary  regenerator 
effectiveness 

Conventional  regnerated  cycle  heat 
exchanger  effectiveness 


30  to  120 
4  to  20 

1600°  to  2400°F 
2  to  6 

0.85  to  0.95 


0.8  to  0.9 


TABLE  XXV.  BASIC  CYCLE  ASSUMPTIONS 


Technology  Level 

Characteristics 

I 

II 

III 

Ambient  temperature,  °F 

130 

130 

130 

Ambient  pressure,  psia 

14.7 

14.7 

14.7 

Range  of  eshp,  hr 

30  to 

115  30  to  115 

30  to  115 

Mechanical  efficiency 

0.98 

0.98 

0.98 

Accessory  horsepower/ 
equivalent  shaft 
horsepower 

0.06 

0.05 

0.04 

Burner  efficiency 

0.98 

0.985 

0.99 

Compressor  leakage 

0.005 

0.005 

0.005 

Burner  leakage 

0.005 

0.005 

0.005 
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TABLE  XXVI.  COMPONENT  PRESSURE  DROPS 


Technology 

Level 

Component 

I 

II 

III 

Inlet 

0.025 

0.025 

0.025 

Compressor  discharge 

0.015 

0.015 

0.015’  . 

Burner 

1 

0.050 

] 

0.045 

0.040 

Exhaust  diffuser 

0.060 

0.060 

0.0 

i  1 

TABLE  XXVII. 

COOLING 

1 

PLOW  SCHEDULES,  PERCENT  | 

Technology  Level 

TIT,  °F 

I 

11  •• 

in  ■  ’ 

1600 

0.0 

0.0 

Uncooled 

1700 

1.0 

,  0.5 

Uncooled 

1800 

2.0 

1.0 

i  ' 

Uncooled 

1900 

3.0 

1.5 

i 

Uncooled 

2000 

4.0 

2.0 

Uncooled 

2100 

5.0 

2.5 

1 

Uncooled 

2200 

6.0  , 

3.0 

Uncooled 

2300 

7.0 

3.5  i 

Uncooled 

2400 

00 

• 

o 

4.0 

Uncooled 

TABLE  XXVIII.  TURBINE  EFFICIENCY  SCHEDULE 


Tech 

Level 

N^/p 

TrK. 

2 

4 

6 

8 

10 

12 

14 

16 

18 

20 

1600 

0.880 

0.878 

0.876 

0.874 

0.872 

0.870 

0.868 

0.866 

0.864 

0.862 

1700 

0.879 

0.877 

0.875 

0.873 

0.871 

0.869 

0.867 

0.865 

0.863 

0.861 

1800 

0.878 

0.876 

0.874 

0.872 

0.870 

0.868 

0.866 

0.864 

0.862 

0.860 

1900 

0.877 

0.875 

0.873 

0.871 

0.869 

0.867 

0.865 

0.863 

0.861 

0.859 

I 

2000 

0.876 

0.874 

0.872 

0.870 

0.868 

0.866 

0.864 

0.862 

0.860 

0.858 

2100 

0.875 

0.873 

0.871 

0.869 

0.867 

0.865 

0.863 

0.861 

0.859 

0.857 

2200 

0.874 

0.872 

0.870 

0.868 

0.866 

0.864 

0.862 

0.860 

0.858 

0.856 

2300 

0.873 

0.871 

0.869 

0.867 

0.865 

0.863 

0.861 

0.859 

0.857 

0.855 

2400 

0.872 

0.870 

0.868 

0.866 

0.864 

0.862 

0.860 

0.858 

0.856 

0.854 

1600 

0.895 

0.893 

0.891 

0.889 

0.887 

0.885 

0.883 

0.881 

0.879 

0.877 

1700 

0.894 

0.892 

0.890 

0.888 

0,886 

0.884 

0.882 

0.880 

0.878 

0.876 

1800 

0.893 

0.891 

0.889 

0.887 

0.885 

0.883 

0.881 

0.879 

0.877 

0.875 

1900 

0.892 

0.890 

0.888 

0.886 

0.884 

0.882 

0.880 

0.878 

0.876 

0.874 

II 

2000 

0.891 

0.889 

0.e87 

0.885 

0.883 

0.881 

0.879 

0.877 

0.875 

0.873 

2100 

0.890 

0.888 

0.886 

0.884 

0.882 

0.880 

0.878 

0.876 

0.874 

0.872 

2200 

0.889 

0.887 

0.885 

0.883 

0.881 

0.879 

0.877 

0.875 

0.873 

0.871 

2300 

0.888 

0.886 

0.884 

0.882 

0.880 

0.878 

0.B76 

0.874 

0.872 

0.870 

2400 

0.887 

0.885 

0.883 

0.881 

0.879 

0.877 

0.875 

0.873 

0.871 

0.869 

1600 

0.910 

0.908 

0.906 

0.904 

0.902 

0.900 

0.898 

0.8')6 

0.894 

0.892 

1700 

0.909 

0.907 

0.905 

0.903 

0.901 

0.899 

0.897 

0.895 

0.893 

0.891 

1800 

0.908 

0.906 

0.904 

0.902 

0.900 

0.8Sd 

0.896 

0.894 

0.892 

0.890 

1900 

0.907 

0.905 

0.903 

0.901 

0.89? 

0.897 

0.895 

0.893 

0.891 

0.889 

III 

2000 

0.906 

0.904 

0.902 

0.900 

0.898 

0.896 

0.894 

0.892 

0.890 

0.888 

2100 

0.905 

0.903 

0.901 

0.899 

0.897 

0.895 

0.893 

0.891 

0.889 

0.887 

2200 

0.904 

0.902 

0.900 

0.898 

0.896 

0.894 

0.892 

0.890 

0.888 

0.886 

2300 

0.903 

0,901 

0.899 

0.897 

0.895 

0.393 

0.891 

0.889 

0.887 

0.885 

2400 

0.902 

0.900 

0.898 

0.896 

0.894 

0.892 

0.890 

0.888 

0.886 

0.884 
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TABLE  XXIX.  DESIGN-POINT  COMPRESSOR 
EFFICIENCY  SCHEDULE 


Technology  Level 


P/P  I  II  III 


2 

0.8022 

0.8115 

0.8343 

4 

0.7806 

0.7912 

0.8090 

6 

0.7682 

0.7797 

0.7955 

8 

0.7596 

0.7717 

0.7877 

10 

0.7527 

0.7653 

0.7822 

12 

0.7466 

0.7598 

0.7780 

14 

0.7409 

0.7545 

0.7744 

16 

0.7355 

0.7496 

0.7702 

18 

0.7302 

0.7447 

0.7681 

20 

0.7250 

•0.7400 

0.7650 
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TABLE 

XXX.  HEAT  EXCHANGER 

LEAKAGES 

P/P 

Technology  Level 

I 

II 

III 

2 

0.011 

0.00° 

0.007 

4 

0.012 

0.010 

0.008 

6 

0.013 

0.011 

0.009 

8 

0.014 

0.012 

0.010 

10 

0.015 

0.013 

6.011  ! 

12 

0.016 

0.014 

0.012 

14 

0.017 

0.015 

0.013 

16 

0.018 

0.016 

0.014 

18 

0.019 

0.017 

0.015 

20 

0.020 

0.018 

0.016 

TABLE 

XXXI .  HEAT 
(ALL 

EXCHANGER  PRESSURE 
TECHNOLOGY  LEVELS) 

DROPS 

er 

Total 

(AP/P) 

Cold  Side 
(AP/P) 

Hot  Side 
(AP/P) 

0.80 

0.050 

0.0125 

0.0375 

0.85 

0.055 

0.01375 

0.04125 

0.90 

0.060 

0.0150 

0.0450 
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TABLE  XXXII.  DESIGN  POINT  FOR  SHAFT  POWER 
CONVERSION  TO  BLEED  FLOW 


Technology  Level 


Conversion 

Bleed 

(P/P) 

I 

II 

III 

Conventional 

Bleed 

2 

0.8022 

0.8115 

0.8343 

Techniques 

3 

0.7900 

0.8000 

0.8200 

4 

0.7806 

0.7913 

0.8090 

5 

0.7708 

0.7894 

0.8012 

6 

0.7682 

0.7797 

0.7955 

Notched  Impeller 

2 

0.7380 

0.7466 

0.7676 

3 

0.7268 

0.7360 

0.7544 

4 

0.7182 

0.7280 

0.7443 

5 

0.7091 

0.7262 

0.7371 

6 

0.7067 

0.7173 

0.7319 

Bleed 

(P/P) 

Bleed 

(hp) 

Technology  Level 

I  II  III 

2 

25 

0.7722 

0.7815 

0.8043 

50 

0.7822 

0.7915 

0.8143 

75 

0.7922 

0.8015 

0.8243 

100 

0.8022 

0.8115 

0.8343 

125 

0.8122 

0.8215 

0.8443 

150 

0.8222 

0.8315 

0.8543 

3 

25 

0.7600 

0.7700 

0.7900 

50 

0.7700 

0.7800 

0.8000 

75 

0.7800 

0.7900 

0.8100 

100 

0.7900 

0.8000 

0.8200 

125 

0.8000 

0.8100 

0.8300 

150 

0.8100 

0.8200 

0.8400 

4 

25 

0.7506 

0.7613 

0.7790 

50 

0.7606 

0.7713 

0.7890 

75 

0.7706 

0.7813 

0.7990 

100 

0.7806 

0.7913 

0.8090 

125 

0.7906 

0.8013 

0.8190 

150 

0.8006 

0.8113 

0.8290 

5 

25 

0.7408 

0.7549 

0.7712 

50 

0.7508 

0.7649 

0.7812 

75 

0.7608 

0.7749 

0.7912 

100 

0.7708 

0.7849 

0.8012 

125 

0.7808 

0.7949 

0.8112 

150 

0.7908 

0.8049 

0.8212 

6 

25 

0.7312 

0.7142 

0.7352 

50 

0.7412 

0.7242 

0.7452 

75 

0.7512 

0.7342 

0.7552 

100 

0.7612 

0.7442 

0.7652 

125 

0.7712 

0.7542 

0.7752 

150 

0.7812 

0.7642 

0.7852 

The  data  were  generated,  using  ambient  conditions  of  130°F  at 
sea  level  for  the  three  technology  levels. 

The  parametric  data  curves  are  presented  in  Figures  58  through 
72.  Figures  58  through  63  are  of  the  SFC  and  specific  horse¬ 
power  for  the  non-regenerated ,  regenerated,  and  after-heat 
cycles.  Figures  64  through  72  are  curves  for  shaft  power  con¬ 
version  to  bleed  flow.  Three  methods  of  producing  bleed-air 
were  considered.  The  conventional  method,  where  the  bleed 
pressure  ratio  equals  the  cycle  pressure  ratio,  is  presented  in 
Figures  64,  65,  and  66.  For  cycle  ratios  higher  than  the 
desired  bleed  pressure,  a  notched  impeller  (Figure  73)  must  be 
used  to  remove  the  bleed  flow  at  a  lower  pressure  ratio.  The 
parametric  data  for  the  notched  impeller  are  shown  in  Figures 
67,  68  ,  and  69.  Load  compressor  bleed  flow  to  shaft  power 
conversion  is  included  in  Figures  70,  71,  and  72. 

The  specific  horsepower  and  SFC  curves  were  used  in  the  selec¬ 
tion  of  the  cycle  pressure  ratio  and  turbine  inlet  temperature 
ranges  for  the  APU.  These  curves,  in  conjunction  with  the 
shaft  power  conversion  to  bleed  flow,  were  generated  to  aid  in 
establishing  size  and  weight  data  for  the  APU. 

Candidate  Cycle  and  Configuration  Evaluation 

The  evaluation  of  the  candidate  cycles  and  configurations  was 
based  on  the  ground  rules  previously  established  (Section  6)  , 
with  special  emphasis  on  reliability  and  maintainability. 

Based  on  the  experience  of  the  contractor,  the  performance  of 
the  candidate  cycles  was  evaluated  against  the  reliability  and 
maintainability,  tempered  with  consideration  of  life  cost, 
weight,  and  volume. 

Since  performance  is  an  important  factor  in  the  cycle/config¬ 
uration  selection,  Figure  74  was  generated  to  show  the  effect 
of  APU  configuration  on  off-design  performance.  For  a  given 
APU  configuration,  the  regenerated  type  will  have  a  slightly 
better  off-design  characteristic  than  a  non-regenerated  config¬ 
uration.  This  is  due  to  the  fact  that  at  off-design  operating 
points,  the  heat  exchanger  is  oversized,  giving  increased 
heat-transfer  effectiveness. 

Although  the  normalized  off-design  characteristic  (for  a  given 
APU  configuration)  is  similar  for  regenerated  and  non- 
regenerated  cycles,  the  design-point  SFC  of  a  regenerated 
cycle  is  lower  than  that  of  a  non-regenerated  cycle. 
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Figure  58,  SFC  and  Specific  Horsepower  vs  Cycle  P/P 
Nonregenerative ,  Technology  Level  I. 
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Figure  60.  SFC  and  Specific  Horsepower  vs  Cycle  P/P, 
Nonregenerated,  Technology  Level  III. 
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Figure  61. 


SFC  and  Specific  Horsepower  vs  Cycle  P/P 
Regenerative,  Technology  Level  I. 
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Figure  62 


SFC  and  Specific  Horsepower  vs  Cycle  p/p 
Regenerative,  Technology  Level  II. 
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Figure  64.  SHP  Conversion  to  Bleed  Flow 
vs  P/P,  Technology  Level  I. 
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Figure  67.  Shaft  Horsepower  Conversion  to  Bleed 
Flow  vs  P/P,  Notched  Impeller, 
Technology  Level  I. 
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Figure  68.  Shaft  Horsepower  Conversion  to  Bleed 
Flow  vs  P/P,  Notched  Impeller, 
Technology  Level  II. 
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Figure  69.  Shaft  Horsepower  Conversion  to  Bleed 
Flow  vs  P/P,  Notched  Impeller, 

Technology  Level  III. 
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Figure  72.  SHP  Conversion  to  Bleed  Flow,  Load 
Compressor,  Technology  Level  III. 
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Figure  73.  Notched  Impeller  Schematic. 


The  addition  of  variable  geometry  (either  compressor  or  tur¬ 
bine)  to  an  APU  configuration  that  furnishes  both  shaft  and 
bleed  power  can  improve  off-design  performance  over  that 
shown  in  Figure  74.  However,  this  performance  improvement  is 
achieved  at  the  expense  of  reliability,  maintainability, 
complexity,  etc. 

Figures  75  through  80  summarize  the  comparative  non-regenerated 
APU  configuration/cycle  analysis  which  takes  into  account 
cycle  parameters,  performance ,  reliability,  etc.  A  schematic 
of  the  APU  configuration  and  a  component  description  for  the 
three  technology  periods  are  included  in  each  figure.  Cost, 
mechanical,  and  performance  comparisons  are  also  included. 

Final  Cycle  and  Configuration  Selection 

The  final  candidates,  selected  as  a  result  of  the  APU  paramet¬ 
ric  study,  include  the  non-regenerated  and  regenerated  cycles. 
The  following  parameters  were  narrowed  to  a  recommended  range 
for  each  technology  level: 

1.  Turbine  inlet  temperature 

2.  Overall  cycle  pressure  ratio 
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Figure  74. 
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Relative  Off-Design  Cycle 
Performance  Comparison. 
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Figure  75.  Single-Shaft  APU  Analysis. 


Figure  76.  Free- Turbine  APU  Analysis. 


Figure  77.  Twin-Spool  APU  Analysis. 


Figure  78.  Two-and-One-Half  Spool  APU  Analysis 


Figure  79.  Regeneration  Analysis  for  A? 1  Cycles. 
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Figure  80.  After-Heat  Analysis  for  All  Cycles. 


3.  Bleed  air  pressure 

4.  Maximum  heat  exchanger  effectiveness 

The  component  efficiencies,  etc.,  from  Tables  XXV  through 
XXXIII  corresponding  to  the  selected  parameters  were  used. 

The  basis  of  selection  included  consideration  of : 

1 .  Performance 

(a)  Design-point 

(b)  Off-design 

2 .  Practical  Considerations 

(a)  Initial  manufacturing  cost 

(b)  Maintainability 

(c)  Reliability 

(d)  Complexity 

(e)  Vulnerability 

(f)  Life-cycle  cost 

(g)  Size 

(h)  Weight 

The  goals  of  good  performance  and  improved  maintainability, 
reliability,  etc.,  were  the  major  criteria. 

The  after-heat  cycle  was  eliminated  on  the  basis  of  size  and 
weight.  Figure  81  shows  a  curve  of  corrected  flow  ratio  into 
the  combustor  as  a  function  of  turbine  inlet  temperature  for 
a  cycle  at  Technology  Level  II.  The  combustor  corrected  flow 
for  the  after-heat  cycle  is  over  five  times  that  for  the  re¬ 
generated  cycle.  Therefore,  the  combustor  size  for  the 
after-heat  cycle  would  be  significantly  larger  than  that  of 
the  regenerated  or  non-regenerated .  This,  with  the  require¬ 
ment  for  high  values  of  regenerator  effectiveness  to  obtain 
a  low  SFC ,  results  in  a  large,  heavy  APU.  The  size  and 
weight  penalties  associated  with  this  cycle  would  offset  any 
advantage  for  this  application. 
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CORRECTED  FLOW  RATIO 


The  regenerated  and  the  non-regenerated  cycles  were  selected 
for  further  analysis.  Table  XXXIV  summarizes  these  cycles  and 
the  parametric  ranges  to  be  considered.  Consideration  of  in¬ 
power  generation  is  the  primary  reason  for  retaining  the  re¬ 
generated  cycle.  If  the  APU  is  continuously  used  in  flight, 
the  fuel  consumption  will  be  critical.  The  low  SFC's  possible 
with  the  regenerated  cycle  will  significantly  reduce  the  fuel 
consumed  for  a  given  duty  cycle.  The  regenerated  cycle  is 
analyzed  in  Subsection  8.4.3  for  in-flight  use. 

The  appropriate  range  for  turbine  inlet  temperature  and  cycle 
pressure  ratio  was  determined  by  a  parametric  analysis 
(Figures  58-72) ,  in  conjunction  with  the  comparative  analysis 
(Figures  75-80).  Practical  limits  were  placed  on  the  turbine 
inlet  temperature  to  avoid  the  manufacturing  difficulties  and 
complexities  in  small  high-speed  turbomachinery.  Figures  58 
through  63,  show  that  the  specific  power  (for  a  given  pressure 
ratio)  continuously  increases  as  the  turbine  inlet  temperature 


TABLE  XXXIV.  RECOMMENDED  CYCLE  PARAMETER  RANGES 


Technology 

Level 

TIT 

P/^Pcycle 

P/^Pbleed 

er* 

j** 

1780-1850 

3-6 

3-4 

- 

II** 

1850-1950 

4-7 

4-5 

- 

III** 

1950-2200 

5-9 

5-6 

- 

1+ 

1650-1750 

3-5 

3-4 

0.80 

11+ 

1750-1850 

4-6 

4-5 

0.85 

III  + 

1850-1950 

5-7 

5-6 

0.90 

*Values  of  regenerator  effectiveness  are  practical  limits 
for  the  technology  periods.  The  actual  values  of  will 
be  optimized  for  the  selected  system. 

**Nonregenerated  APU. 

+Regenerated  APU. 
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increases.  However,  the  SFC  (for  a  given  pressure  ratio)  does 
not  decrease  continuously  as  the  turbine  inlet  temperature 
increases  but  actually  starts  leveling  out.  This,  in  conjunc¬ 
tion  with  mechanical  considerations,  established  the  turbine 
inlet  temperature  ranges. 

Cycle  pressure  ratios  were  selected  to  maximize  the  specific 
horsepower  and  minimize  the  SFC  for  the  selected  TIT  ranges. 
Practical  limits  of  pressure  ratio  imposed  by  small  turbo- 
machiner-'  were  again  considered  in  the  pressure  ratio  selec¬ 
tion. 

The  SFC  and  specific  horsepower  curves  (Figures  58-63)  show 
that  the  optimum  cycle  pressure  ratios  occur  at  lower  values 
for  the  regenerated  cycles.  Lower  values  of  turbine  inlet 
temperature  were  used  because  of  the  inherently  low  design- 
point  SFC  of  the  regenerated  cycle.  The  lower  TIT  reduces 
the  mechanical  complexity  of  the  APU  without  a  significant 
SFC  penalty. 

The  cycle/configuration  analysis  summarized  in  Figures  74 
through  80  was  used  to  select  the  optimum  APU  configuration 
for  this  application.  The  single-shaft  configuration  (inte¬ 
gral  bleed/shp  or  pure  shaft  power)  without  variable  geometry 
was  selected.  While  the  1-1/2,  2  and  2-1/2  spool  configura¬ 
tions  have  better  off-design  performance  characteristics  than 
the  single  shaft  (Figure  74),  the  additional  complexity,  size, 
weight,  etc.,  of  the  multiple-^oool  engines  offsets  the  per¬ 
formance  advantages.  For  turbomachinery  in  this  size, 
multiple-spool  APUs  requiring  two  or  more  compressor  and  tur¬ 
bine  stages  would  be  difficult  to  manufacture  and  would  have 
a  high  initial  cost.  The  simple,  rugged  construction  of  the 
single-shaft  configuration  is  smaller  than  multiple-spool 
arrangements  and  has  better  maintainability  and  reliability 
characteristics . 

Radial  turbines  and  compressors  were  selected  in  lieu  of  axial 
components.  Radial  flow  turbomachinery  in  this  size  is  easier 
and  cheaper  to  manufacture,  is  less  sensitive  to  foreign 
object  damage  and  dirt/dust  ingestion,  is  less  sensitive  to 
clearances  and  tolerances  than  axial  components,  exhibits 
higher  efficiencies,  and  is  capable  of  higher  pressure  ratios 
in  a  single  stage. 

The  notched  impeller  concept  was  eliminated,  due  to  the  pos¬ 
sible  erosion  of  the  flow  splitter  (Figure  73)  from  dirt/dust 
ingestion  associated  with  helicopter  operation  This  erosion 
would  present  a  maintainability  and  reliability  problem.  The 
method  of  supplying  bleed-air  was  limited  to  load  compressor 
or  conventional  bleed/shaft  power  APU,  where  the  bleed-air  is 
taken  at  the  APU  cycle  pressure  ratio. 
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Figures  82,  83,  and  84  are  general  layouts  of  the  selected  APU 
configurations  for  the  three  technology  periods .  These  con¬ 
figurations  were  used  in  establishing  weight  and  volume  data 
in  Section  6.7.3. 


Performance  Analysis 


The  APU  design-point  shaft  and  bleed  power  requirements  for 
the  27  basic  candidate  systems  are  given  on  Table  XXXV  for  SPS 
without  ECS  and  on  Table  XXXVI  for  SPS  with  ECS.  These  power 
requirements  are  for  a  130°F  day  and  are  listed  for  the  vari¬ 
ous  modes  of  APU  operation  for  each  technology  level .  The  APU 
size  is  determined  from  the  total  maximum  simultaneous  power 
shown  on  Table  VIII. 


The  fuel  flow  requirements  for  the  bleed/shaft-power  APU 
were  calculated  using  the  efficiencies  and  other  cycle  param¬ 
eters  in  Subsection  6.7.1.  The  fuel  flow  requirements  at  the 
design-point  for  bleed/s  iaft  APU  are  given  for  Technology 
Levels  I,  II,  and  III  in  Figures  85,  86,  and  87,  respectively, 
and  for  shaft-power-only  APU  in  Figure  88. 


Off-design  fuel  requirements  were  determined  for  an  arbitrary 
APU  size  for  130°F  sea-level  conditions  and  normalized  to 
obtain  percent  of  design-point  fuel  flow  as  a  function  of  per¬ 
cent  of  design-point  equivalent  horsepower.  Similar  data  were 
generated  to  obtain  the  maximum  continuous  and  off-design  per¬ 
formance  at  altitudes  to  30,000  ft  and  hot-day  conditions. 
These  data  are  plotted  in  Figure  89 . 


6.7.3  Sizinc 


Table  XXXIV  summarizes  the  recommended  cycle  parameter  ranges 
of  turbine  inlet  temperature,  cycle  pressure  ratio,  and  bleed 
pressure  ratio.  The  range  is  based  on  the  maximum  predicted 
parameters,  with  the  higher  values  associated  with  the  larger 
APU  and  the  lower  values  with  the  smaller  APU.  These  table 
values  were  derived  from  the  curves  in  Figure  90,  from  which 
the  cycle  parameters  are  determined  as  functions  of  eshp 
(Table  VIII)  . 


Since  the  notched  impeller  concept  was  eliminated  for  the  can¬ 
didate  bleed/shaft  APU,  the  maximum  bleed  pressure  ratio  at 
the  APU  determines  the  minimum  cycle  pressure  ratio.  The 
bleed  pressure  ratios  in  the  study  are  shown  in  Table  XXXVII. 
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Figure  82.  Technology  Level  I  APU  Configuration. 


1.41 


Figure  84.  Technology  Level  III  APU  Configuration. 


TABLE  XXXV.  SPS  POWER  REQUIREMENTS,**  WITHOUT  ECS 


Technology  Level  I 


En dine 

Start 

Hydraulic 

Check 

(Wb,  p/p  ) 

(shp) 

Electrical 

Check 
(WB,  P/P) 

(shp) 

System 

(shp) 

<WB,  P/P) 

1.0. 0.1 

9.7 

14.5/3.52 

18.3 

24.7 

1.0. 0.2 

36.0 

- 

19.3 

26.1 

1.0. 0.3 

58.4 

- 

18.7 

25.0 

1.1. 1.0 

- 

39.5/3.52 

20.7/3.68 

26.5/3.68 

1.1. 2.0 

- 

37.1/3.52 

21.4/3.68 

27.7/3.68 

1.1. 3.0 

- 

58.4/3.52 

19.1/3.78 

24.4/3.78 

1.1. 0.1 

- 

28.7/3.52 

21.6/3.68 

27.6/3.52 

1.1. 0.2 

29.0 

13.6/3.68 

18.3 

27.6/3.52 

4.1 

1.1. 0.3 

59.5 

- 

21.6/3.52 

1.3 

21.6 

1.2. 1.0 

66.9 

- 

23.3 

46.7 

1.2. 2.0 

62.5 

- 

22.8 

48.9 

1.2. 3.0 

99.1 

- 

23.6 

47.3 

1.2. 0.1 

27.7 

14.5/3.52 

20.5 

47.7 

1.2. 0.2 

54.7 

- 

21.8 

47.3 

1.2.0. 3 

66.3 

- 

20.5 

30.2 

1.3. 1.0 

62.4 

- 

26.9 

26.1 

1.3. 2.0 

58.5 

- 

38.0 

26.1 

1.3. 3.0 

86.9 

- 

36.9 

28.2 

1.3. 0.1 

8.8 

14.5/3.52 

35.0 

21.6 

1.4. 1.0 

45.3* 

- 

25.2* 

32.1* 

1.4. 2.0 

43.4* 

- 

26.1* 

33.8* 

1.4. 3.0 

68.5* 

- 

25.2* 

31.3* 

1.4. 0.1 

16.5* 

14.5/3.52 

25.2* 

32.4* 

2 . 4 . 1 . 0 

45.3* 

- 

25.2* 

32.1* 

2. 4. 2.0 

43.9* 

- 

26.1* 

33.8* 

2. 4. 3.0 

68.5* 

- 

25.2* 

31.3* 

2. 4. 0.1 

16.5* 

14.5/3.52 

25.2* 

32.4* 

•Indicates  fluid  coupling  in  syBtera. 

**A11  power  requirements  are  at  the  APU.  Shaft  horsepower 
includes  APU  gearbox  losses  except  for  systems  w  th  fluid 
coupling  (shp  is  input  to  coupling). 
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Technology  Level  II 


_ Engine  Start _ 

Hydraulic 
Check 
(WB,  P/P) 
(shp ) 

Electrical 

Check 

'WB*  P/P> 

(shp) 

System 

(shp* 

(Wfi,  P/P) 

1. 0.0.1 

9.4 

1C.B/4.5 

18.0 

24.3 

1.0. 0.2 

34.4 

- 

19.0 

25.7 

1.0.0. 3 

56.7 

- 

18.5 

24.  3 

1.1. 1.0 

- 

31.0/4.5 

16.8/4.56 

21  .2/4 . 56 

1.1. 2.0 

- 

29.0/4.5 

17.8/4.55 

22.7/4.55 

1.1. 3.0 

- 

45.4/4.5 

20.0/4 . 59 

25.3/4.59 

1. 1.0.1 

- 

24.0/4.5 

17.3/4.5 

21  .8/4.5 

1. 1.0.2 

27.  5 

12.9/4.59 

18.1 

21.6  4.5 

3.9 

1 . 1 .0. 3 

54  .  3 

- 

17.5/4.5 

1  .  4 

21  .  1 

1.2. 1.0 

63.4 

- 

2  2.1 

44.7 

1.2. 2.0 

59.  3 

- 

21.8 

46.8 

1.2. 3.0 

93.0 

- 

23.8 

44.7 

1.2. 0.1 

26.6 

10.8/4.5 

19.1 

4  4  7 

1.2. 0.2 

52  .  1 

- 

20.6 

44.7 

1.2.0. 3 

61.5 

- 

19.8 

29.  . 

1. 3.1.0 

58.  5 

- 

33.3 

23.8 

1  .  3.2.0 

54 . 8 

- 

35.5 

23.8 

1. 3. 3.0 

81.8 

- 

33.  3 

26.1 

1. 3.0.1 

8.5 

10.6  4.5 

33.3 

21.3 

1.4. 1.0 

44.9* 

- 

24.8* 

29.2* 

1.4. 2.0 

42.0* 

- 

25.7* 

30.6* 

1.4. 3.0 

65.9* 

- 

24.8* 

29.2* 

1.4. 0.1 

15.9* 

10.8  4.5 

24.8* 

29.5* 

2. 4. 1.0 

44.9* 

- 

24.8* 

29.2* 

2.4 . 2.0 

42.0* 

- 

25.7* 

30.6* 

2. 4 . 3.0 

65.9* 

- 

24.8* 

29.2* 

2. 4. 0.1 

15.9* 

10.8/4.5 

24.8* 

ii  5* 

•Indicates  fluid  coupling  in  system. 


TABLE  XXXV  -  Concluded 


Technology  Level 

III 

System 

Enc 

(shp) 

ine  Start 

<wB,  P/P) 

Hydraulic 
Check 
(Wp,  P/P! 
(Shp) 

Electrical 

Check 
(Wp.  P/P) 

(shp) 

1.0.0. 1 

8.7 

8. 8/5. 6 

17.5 

23.4 

1.0. 0.2 

33.9 

- 

18.5 

24 . 7 

1 .0.0. 3 

52.9 

- 

18.0 

23.4 

1 . 1 .  1 .0 

- 

22.3/5.6 

12.9/5.76 

16.2/5.76 

1.1. 2.0 

- 

22.3/5.6 

13.4/5.76 

17.0/5.76 

1 . 1. 3.0 

- 

35.0/5.6 

12.9/5.76 

16.2/5.76 

1. l.C.  1 

- 

16.9/5.6 

14.3/5.6 

16.6/5.6 

1.1. 0.2 

27.2 

8.5  '5.78 

17.6 

16.6/5.6 

3.  3 

1.1.0.  3 

50.9 

- 

13.2/5.6 

1.4 

20.9 

1.2. 1.0 

56.4 

- 

20.6 

40.1 

1.2. 2.0 

55.4 

- 

20.4 

41  .9 

1.2. 3.0 

84.6 

- 

22.7 

40.1 

1. 2.0.1 

22.9 

8. 8/5.6 

17.3 

40.  1 

1.2. 0.2 

48.4 

- 

19.3 

40.1 

1  .2.0.  3 

56.8 

- 

19.3 

27  .  3 

1. 3.1.0 

51.5 

- 

31.6 

23.5 

1. 3.2.0 

50.4 

- 

30.0 

24  .  2 

1 . 3. 3.0 

77.2 

- 

31  .  5 

22.8 

1. 3.0.1 

8.1 

8. 8/5. 6 

28.6 

20.9 

1.4. 1.0 

40.4* 

- 

22.9* 

28 .8* 

1.4. 2.0 

40.2* 

- 

23.8 

30.1* 

1.4. 3.0 

61.4* 

- 

22.9* 

28.8* 

1 . 4 . 0  .  1 

14.0* 

8. 8/5. 6 

2  2.9* 

28.8* 

2. 4. 1.0 

40.4* 

- 

22.9* 

28.8* 

2. 4. 2.0 

40.2* 

- 

23.8* 

30.1* 

2.4. 3.0 

61.4* 

- 

22.9* 

28.8* 

2 . 4.0. 1 

14.0* 

8. 8/5. 6 

22.4* 

28.8* 

•Indicates  fluid  coupling  in  system. 
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TABLE  XXXVI.  SPS  POWER  REQUIREMENTS,**  WITH  ECS 


Technology  Level  I 

Engine  Start 

Hydraulic 

Check 
<wB,  P/P) 

(shp) 

Electrical 

Check 
(WB,  P/P) 

System 

(shp) 

(WB,  P/P) 

{shp) 

o 

o 

H 

9.7 

13.6/3.68 

23.0/3.52 

18.3 

23.0/3.52 

24.7 

1.0. 0.2 

36 

- 

23.0/3.52 

19.3 

23.0/3.52 

26.1 

1.0. 0.3 

58.4 

- 

23.0/3.52 

18.7 

23.0/3.52 

25.0 

1.1. 1.0 

- 

37.8/3.68 

43.7/3.52 

48.6/3.52 

1.1. 2.0 

- 

35.7/3.68 

43.4/3.52 

51.0/3.52 

1.1. 3.0 

- 

58.4/3.52 

42.1/3.52 

49.6/3.52 

1.1. 0.1 

- 

28.1/3.68 

44.6/3.52 

50.6/3.52 

1.1. 0.2 

29.0 

13.6/3.68 

23.0/3.52 

18.3 

50.6/3.52 

4.1 

1.1. 0.3 

59.5 

- 

44.6/3.52 

1.1 

23.0/3.52 

21.6 

1.2. 1.0 

65.5 

- 

27.9 

118.7 

1.2. 2.0 

62.5 

- 

23.0/3.52 

22.8 

23.0/3.52 

49.9 

1.2. 3.0 

99.1 

- 

23.0/3.52 

23.6 

23.0/3.52 

47.3 

1.2.0. 1 

27.7 

13.3/3.68 

23.0/3.52 

20.5 

23.0/3.52 

47.3 

1.2. 0.2 

54.7 

- 

23.0/3.52 

21.8 

23.0/3.52 

47.3 

1.2. 0.3 

66.3 

" 

23.0/3.52 

20.5 

23.0/3.52 

30.2 

1. 3.1.0 

62.2 

- 

97.9 

98.5 

1.3. 2.0 

58.5 

- 

23.0/3.52 

38.4 

23.0/3.52 

26.1 

1.3. 3.0 

86.9 

- 

23.0/3.52 

37.1 

23.0/3.52 

28.2 

1. 3.0.1 

8.8 

13.3/3.68 

23.0/3.52 

35.1 

23.0/3.52 

21.6 

1.4. 0.1 

46.0* 

- 

7  J  .1* 

81.5* 

1. 4.2.0 

43.9* 

- 

23.0/3.52 

26.2 

23.0/3.52 

33.8 

1.4. 3.0 

68.5 

- 

23.0/3.52 

25.2 

23.0/3.52 

32.0 

1. 4.0.1 

16.3 

13.3/3.68 

23.0/3.52 

23.0/3.52 

2. 4. 1.0 

46.0* 

- 

71.1  * 

81.5 

2. 4. 2.0 

43.9 

- 

23.0/3.52 

26.2* 

23.0/3.52 

33.8* 

2. 4. 3.0 

68.5 

- 

23.0/3.52 

25.2* 

23.0/3.52  | 

32.0* 

2. 4. 0.1 

16.3* 

13.3/3.68 

23.0/3.52 

25.  2* 

23.0/3.52 

32.6* 

♦Indicates  fluid  coupling  in  system.  1 

*  * Al 1  power  requirements  are  at  the  APU.  Shaft  horsepower  includes  APU  gearbox  losses  except  for 
systems  with  fluid  coupling  {shp  is  input  to  coupling) . 
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TABLE  xxxvi  -  continued 


I  Technology  Level  II 


Engine  Start 


Hydraulic 
Check 
(W_,  P/P) 


Electrical 

Check 


System 

• (8hp) 

! 

<wB,  P/P) 

(shp)  1 

(shp) 

o 

o 

H 

9.4 

10.7/4.54 

14.3/4.5 

18.1 

!  14.3/4.5 
24.3 

N 

O 

O 

H 

34.4 

- 

14.3/4.5 
.  19.0 

14 . 3/4  *5 
25.7* 

O 

O 

\  56.7 

1 

14.3/4.5 

18.2 

14.3/4.5 
'!  24.3 

1.1. 1.0 

. 

31.0/4.5  ' 

31.7/4.5 

36.2/4.5 

1.1. 2.0 

- 

28.7/4.54 

33.6/4.5 

38.9/4.5 

1.1. 3.0 

- 

,  45. 4/4. (5 

31*.  4/4. 54 

35.9/4.54 

1.1. 0.1 

- 

23.5/4.58 

31.6/4.5 

36.1/4.5 

1. 1. 0.2 

2.75 

12.8/4.61 

'  14.3/4.5 

18.1 

36.1/4.5 

3.9 

1.1.0. 3 

54  ,;3 

1 

:  31.8/4.5 

1.4 

14.3/4.5  ' 
21.3 

1.2. 1.0 

63.4 

- 

82.2 

95.0  . 

1.2. 2.0  . 

59.3 

- 

14.3/4.5 

21.8 

14.3/4.5 

46.8 

1.2. 3.0 

93.0 

1 

14.3/4.5 

23.8> 

jL4 . 3/4 . 5 
44.7 

1. 2.0.1 

26.6 

10.7/4.54 

14.3/4.5 

19.1 

14.3/4.5 

44.7 

1.2. 0.2 

52.1 

• 

1 

1 

14.3/4.5 

20.6 

14.3/4.5 

44.7 

1.2. 0.3 

61.5 

14.3/4.5 

19.8 

14.3/4.5 
29. 1 

1.3.1.0 

58.5 

- 

85.8 

90.4 

1. 3.2.0 

54.0 

- 

14.3/4.5 
,  35.5 

14.3/4.5 
‘  -23.8 

1.3. 3.0 

81.8 

14.3/4.5 

33.3 

14.3/4.5 

26.1 

1.3. 0.1 

'  8.5  , 

10.8/4.5  , 

14.3/4,5 

33.3 

14.3/4.5 
,  !  21.3 

1.4. 1.0 

44.9* 

- 

6  3.7* 

70.  3* 

1.4. 2.0 

42.0* 

- 

14.3/4.5, 

25.7* 

14 . 3/4  L 5 
30.6* 

1.4. 3.0 

6$. 9* 

i 

-  . 

14.3/4.5 

24.8* 

14.3/4.5 

29.2* 

1.4. 0.1 

15.9* 

10 . 7/4 .54 

14.3/4.5 

24.8* 

14.3/4.5 

29.5* 

2. 4. 1.0 

44.9* 

- 

1  63.7* 

70.  3* 

2. 4. 2.0 

42.0* 

-  . 

14.3/4.5 

25.7* 

14 . 3/4.5 
30.6* 

2. 4. 3.0 

65.9* 

- 

!  14.3/4.5 

24.8* 

14.3/4.5 

29.2* 

2. 4. 0.1 

15.9* 

10.7/4.54 

1 

14.3/4.5 

24.8* 

14.3/4.5 

29.5* 
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TABLE  XXXVI  -  Concluded 


Technology  Level  III 


Hydraulic 

Electrical  1 

Check 

Check 

Engine  Start 

(WB,  P/P) 

<Wa,  P/P) 

System 

( 8  Tip) 

(WB,  P/P) 

(ehp) 

(shp) 

1. 0.0.1 

8.7 

0.8/5. 6 

9. 8/5. 6 

9. 8/5.6 

17.5 

23.4 

1.0. 0.2 

33.9 

_ 

9. 8/5. 6 

9.8/5. 6 

18.5 

24.7 

1.  J.  3 

52.9 

_ 

9. 8/5. 6 

9. 8/5. 6 

18.0 

23.4 

1. 1.1.0 

- 

22.3/5.6 

23.0/5.6 

26.2/5.6 

1.1. 2.0 

- 

22.3/5.6 

23.6/5.6 

27.0/5.6 

1.1. 3.0 

- 

35.0/5.6 

22.7/5.76 

26.0/5  76 

1.1. 0.1 

- 

16.4/5.84 

23.0/5.6 

26 . 2/5 .  ci 

1.1. 0.2 

27.3 

7.8/5.84 

9. 8/5. 6 

26.2/5.6 

17.6 

3.  3 

1.1.0. 3 

50.9 

23.0/5.6 

9. 8/5. 6 

1.4 

20.9 

1.2. 1.0 

56.4 

- 

75.4 

82.9 

1.2. 2.0 

55.4 

_ 

9.8/5. 6 

9. 8/5. 6 

20.4 

41.9 

1.2. 3.0 

84.6 

_ 

9.8/5. 6 

9. 8/5.6 

22.7 

40.1 

1.2.0. 1 

22.9 

8. 8/5.6 

9. 8/5. 6 

9. 8/5.6 

17.3 

40.1 

1.2. 0.2 

48.4 

- 

9. 8/5.6 

9. 8/5. 6 

19.3 

40.1 

1.2.0. 3 

56.8 

_ 

9. 8/5. 6 

9. 8/5. 6 

19.3 

27.3 

1.3. 1.0 

51.5 

- 

69.8 

77.7 

1.3. 2.0 

50.8 

_ 

9. 8/5.6 

9. 8/5.6 

30.0 

24.2 

1.3. 3.0 

77.2 

_ 

9. 8/5.6 

9. 8/5.6 

31.5 

22.8 

1.3. 0.1 

8.1 

8. 8/5. 6 

9. 8/5. 6 

9. 8/5.6 

28.6 

20.9 

1.4. 1.0 

39.9* 

- 

53.8* 

59.9* 

1.4. 2.0 

40.2* 

_ 

9.8/5. 6 

9. 8/5. 6 

23.8* 

30.1* 

s  1.4. 3.0 

61.4* 

9. 8/5. 6 

9. 8/5. 6 

22.9* 

28.8* 

1.4. 0.1 

14.0 

8. 8/5. 6 

9.8/5. 6 

9. 8/5. 6 

22.9* 

29.1* 

2. 4. 1.0 

39.9* 

- 

53.8* 

59.9* 

2. 4.2.0 

40.2* 

_ 

9. 8/5. 6 

9. 8/5. 6 

23.8* 

30.1* 

2. 4. 3.0 

61.4* 

- 

9.8/5. 6 

9. 8/5. 6 

22.9* 

28.8* 

2.4.0.  1 

14.0* 

8. 0/5. 6 

9. 8/5.6 

9.8/5. 6 

22.9* 

29.1* 

*  Indicates 

fluid  coupling  in  system. 
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Figure  86.  Design-Point  Fuel  Flow,  Bleed/Shaft  APU, 
Nonregenerated,  Technology  Level  II. 
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Figure  88.  APU  Design-Point  Fuel  Flow,  Shaft 
Power  Only,  Nonregenerated. 
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DESIGN-POINT  FUEL  FLOW,  PCT 
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Figure  90  provided  a  guide  for  generating  APU  sizing  data 
(weight  and  volume)  in  conjunction  with  the  established  APU 
configurations  (Figures  82,  83,  and  84).  Figure  90  also  pro¬ 
vided  basic  cycle  data  for  the  design-point  fuel  consumption 
calculations. 

Figures  91  through  98  are  the  weight  and  volume  curves  for 
nonregenerated  bleed/shaft  and  pure  shaft  APU,  including  the 
required  accessories  (fuel  controls,  igniters,  bleed  valves, 
etc.).  Figures  99  through  103  are  curves  of  the  basic  APU 
(nonregenerated)  gearbox  weight  and  volume.  The  basic  gearbox 
consists  of  the  mounting  pad,  fuel  control,  and  starter  pads. 
Figures  104  and  105  are  curves  of  weight  and  volume  increments, 
respectively  for  adding  hydraulic  pumps  or  generators  to  the 
basic  APU  gearbox.  The  weight  increment  for  a  fluid  coupling 
is  shown  in  Figure  106.  If  a  PTO  pad  is  required  on  the  APU 
gearbox,  Figure  105  can  determine  the  weight  and  volume  incre¬ 
ments  by  equating  the  power  transmitted  through  the  PTO  pad  to 
an  equivalent  generator  rating. 

The  total  weight  of  the  APU,  with  accessories  and  gearbox,  was 
calculated  for  each  system  from  Tables  XXXV  and  XXXVI ,  to 
determine  power  levels,  and  from  Figures  10  through  36,  to 
determine  the  APU  gearbox  configuration. 


6.7.4  APU  Starting  System 


An  analysis  was  conducted  to  determine  the  most  feasible  self- 
contained  APU  system  for  the  ambient  conditions  and  APU  sizes 
of  the  candidate  systems.  Two  main  types  were  considered: 
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APU  AND  ACCESSORIES  WEIGHT,  LB 


APU  AND  ACCESSORIES  WEICTIT,  LB 


Figure  92.  APU  and  Accessories  Weight,  Bleed/Shaft 
Nonregenerated,  Technology  Level  II. 
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APU  and  Accessories  Weight,  Bleed/Shaft  APU 
Nonregenerated,  Technology  Level  III. 


Figure  95.  APU  and  Accessories  Volume,  Bleed/Shact, 
Nonregenerated,  Technology  Level  I. 
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APU  and  Accessories  Volume,  Bleed/Shaft 
Nonregenerated,  Technology  Level  III. 
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battery  and  hydraulic  accumulator.  The  hydraulic  accumulator 
system  was  selected  primarily  on  the  basis  of  ability  to  per¬ 
form  at  low  temperatures  with  acceptable  weight  and  size  pen¬ 
alties  to  the  aircraft.  Battery  systems,  although  competitive 
at  higher  ambient  temperatures,  cannot  meet  the  low- 
temperature  requirements  without  resorting  to  heating  devices. 
(To  obtain  satisfactory  performance  from  a  battery,  the  elec¬ 
trolyte  temperature  should  be  0°F  or  higher.)  For  this  study, 
the  starting  system  was  considered  self-sufficient  and  con¬ 
tained  within  the  aircraft. 

A  hydraulic  system  using  3000-psi  aircraft  supply  pressure  was 
sized  for  each  of  the  various  APU's  to  provide  a  two-start 
capability  over  the  extreme  ambient  temperature  range  of  -65° 
to  130°F. 

For  Technology  Levels  I  and  II,  each  system  consisted  of  two 
accumulators,  a  hydraulic  motor  mounted  on  the  APU ,  a  system 
reservoir,  interconnecting  lines  and  system  valves,  and  a 
small  hand  pump  to  provide  emergency  recharqing  of  the  accumu¬ 
lators  or  topping  at  extreme  low  temperatures  (Figure  107) . 

The  latter  feature  permitted  optimizing  the  accumulator  size 
without  overly  penalizing  the  system  for  an  extreme  condition. 
The  system  pressure  of  3000  psi  was  increased  to  3500  for 
-65°F.  The  hydraulic  oil  conformed  to  MIL-H-5606. 

Systems  were  optimized  by  a  comprehensive  computer  program 
that  considered  changes  in  fluid  and  gas  properties,  volume, 
line  loss,  motor  performance,  system  back  pressure,  APU  per¬ 
formance,  and  system  inertia.  System  optimization  is  obtained 
by  varying  accumulator  volume,  gas  precharge  pressure,  initial 
gas-to-oil  fraction,  and  line  size  and  length.  The  use  of  two 
accumulators  for  a  two-start  capability  required  less  total 
volume  than  a  single  two-start  accumulator. 

The  weights  and  sizes  of  hydraulic  APU  starting  systems  for 
the  APU  sizes  required  by  the  candidate  systems  are  shown  in 
Figure  108. 

The  weight  and  volume  curves  for  Technology  Level  I  and  II  APU 
crossed  in  the  lower  power  rating  range.  This  was  the  result 
of  an  increase  in  APU  operating  and  self-sustaining  speed  for 
Technology  Level  II,  which  required  a  greater  oil  capacity  for 
the  longer  cranking  period.  For  Technology  Level  III  and  a 
higher  power  rating,  the  trend  reversed,  since  the  self- 
sustaining  speed  became  comparable  to  Technology  Level  I  or 
less,  and  rotor  inertia  effects  were  less. 

For  systems  in  Technology  Level  III  (Figure  109),  a  hydraulic 
intensifier  was  able  to  boost  the  aircraft  3000-j  ii  system 
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Figure  107.  APU  Hydraulic  Starting  System  for 
Technology  Levels  I  and  II. 
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Figure  109.  APU  Hydraulic  Starting  System  for 
Technology  Level  III. 


pressure  to  a  higher  stored  energy  level  in  the  accumulator. 

A  pressure  of  7500  psi  was  selected  after  a  preliminary  anal¬ 
ysis  of  the  4000-  to  10,000-psi  range.  The  intensifier  is 
essentially  a  hydraulic  motor-driven  pump  that  is  supplied 
from  the  aircraft  hydraulic  system  (Figure  109) .  The  motor 
and  pump  are  combined  in  a  single  housing  wherein  the  pump 
uses  the  motor  discharge  fluid. 

The  entire  hydraulic  starting  system  was  assumed  to  be  com¬ 
bined  into  a  single  unit,  with  all  parts  integrated  similar  to 
the  primary  aircraft  hydraulic  systems.  The  estimated  weights 
are  significantly  lower  than  conventional  lower  pressure  sys¬ 
tems.  Lightweight  optimized  systems  components  assumed  for 
the  Technology  Level  III  analysis  are  not  currently  available 
but  are  estimated  attainable. 

The  hydraulic  APU  starting  system  has  the  following  salient 
features : 

1.  Positive  two-start  capability  over  the  extreme 
ambient  temperature  range  without  the  addition  of 
"kit"  components 

2.  Rapid  recharging  from  the  aircraft  hydraulic  system 
utility  pump,  after  the  APU  is  started 

3.  Integration  with  aircraft  hydraulic  systems,  using 
same  fluid  and  system  pressure 

4 .  Provides  emergency  recharging  with  hand  pump 
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7.  SELECTION  OF  FINAL  CANDIDATE  SYSTEMS 


The  candidate  systems  defined  by  Tasks  I,  II,  and  III  resulted 
in  27  basic  systems  that  were  applicable  to  all  technology 
levels.  The  component  definitions  and  power  levels  in  these 
systems  varied  sufficiently  between  technology  levels  to  re¬ 
quire  analysis  of  all  27  systems  in  each  level  for  a  total  of 
81.  Inclusion  of  an  air-cycle  refrigeration-type  ECS  required 
an  additional  81  systems  for  a  total  of  162  analyzed  systems. 
Redundant  main-engine  starting  systems,  if  included,  would 
again  double  the  number.  The  system  comparative  evaluation 
further  requires  establishing  10  evaluation  parameters  for 
each  system. 

To  avoid  unnecessarily  comparing  many  systems  that  would  defi¬ 
nitely  be  eliminated  and  to  provide  a  reasonable  number  of 
systems  for  the  detailed  comparative  evaluation,  a  series  of 
elimination  runs  of  all  162  systems  was  conducted  by  using  the 
three  evaluation  parameters  of  system  weight,  system  volume, 
and  takeoff  gross  weight  (TOGW)  penalty  only.  Since  the  com¬ 
bination  of  these  three  accounts  for  55  percent  of  the 
weighted  rating  in  the  comparison,  an  indication  was  evident 
of  which  should  be  retained  as  final  contenders.  As  a  result 
of  these  runs,  the  six  basic  systems  with  the  highest  ratings 
were  retained  as  final  candidates.  Each  of  these  systems  was 
analyzed  for  the  three  technology  levels,  with  and  without 
ECS,  making  a  total  of  36  systems  selected  for  the  complete 
system  comparison  for  10  evaluation  parameters. 

The  results  of  this  initial  comparative  evaluation  are  sum¬ 
marized  in  tabular  form  in  Appendix  II,  where  the  systems  are 
listed  in  descending  rank.  Identification  is  by  a  numbering 
system,  as  defined  in  Section  4.  The  final  system  candidates 
are  summarized  on  Tables  XXXVIII  and  XXXIX  for  systems  without 
and  with  ECS,  respectively. 

System  1.4. 0.1  was  used  as  reference  for  the  comparative  eval¬ 
uation.  The  selection  was  arbitrary,  since  all  systems  were 
compared  to  the  same  reference  evaluation  parameters  for  each 
technology  level  and  for  systems  with  and  without  ECS. 

For  those  without  ECS,  1. 4.0.1  was  the  highest  ranking  system, 
as  indicated  by  the  system  merit  numbers .  This  system  has  a 
zero  rating,  since  it  was  the  reference.  However,  all  others 
have  a  negative  number,  indicating  lower  ranking  than  the 
reference  system.  System  1.4. 0.1  has  an  APU  separately 
mounted  in  the  aircraft  that  directly  drives  the  accessory 
gearbox  by  a  mechanical  link  (shaft)  between  the  APU  and 
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TABLE 

XXXVIII. 

PRELIMINARY  MERIT  NUMBER  OF  FINAL 
CANDIDATE  SYSTEMS  WITHOUT  ECS 

Technology  Level 

Gearbox 

Link 

Engine 

Start 

System 

I 

II 

III 

1.4. 0.1 

0.000 

0.000 

0.000 

Mechanical 

Pneumatic 

2. 4. 0.1 

-0.233 

-0.089 

-0.215 

Mechanical 

Pneumatic 

1.4.1 .0 

-3.711 

-5.372 

-2.432 

Mechanical 

Pneumatic 

2. 4. 1.0 

-3.944 

-5.477 

-2.647 

Mechanical 

Pneumatic 

1.2. 0 .1 

-8.364 

-7.463 

-5.335 

Hydraulic 

Pneumatic 

1 . 1 . 0 . 1 

-9.037 

-8.756 

-5.727 

Pneumatic 

Pneumatic 

TABLE  XXXIX.  PRELIMINARY  MERIT  NUMBER  OF  FINAL 
CANDIDATE  SYSTEMS  WITH  ECS 


Technology  Level 


System 

I 

II 

III 

1.4. 0.1 

0.000 

0.000 

0.000 

2. 4. 0.1 

+0.246 

+0.906 

+0.357 

2. 4. 1.0 

-1.192 

-3.075 

-1.369 

1.4. 1.0 

-1.450 

-3.398 

-1.726 

2.4.2. 0 

-1.536 

-1.476 

-2.977 

Gearbox 

Link 

Mechanical 

Mechanical 

Mechanical 


Engine 

Start 

Pneumatic 

Pneumatic 

Pneumatic 


1.4. 2.0 


-1.794  -2.294 


-1.726  Mechanical  Pneumatic 
-2.977  Mechanical  Hydraulic 
-3.334  Mechanical  Hydraulic 


gearbox  for  system  checkout  operation  and  starts  the  main 
engine  with  a  pneumatic  engine  starting  system  supplied  by 
bleed-air  from  the  APU. 


System  2. 4.0.1  is  closely  ranked  with  System  1.4. 0.1  and  is 
similar,  with  the  APU  mounted  directly  on  the  accessory  gear¬ 
box.  These  two  systems  appear  at  the  head  of  the  rankings  for 
systems  with  ECS  in  reverse  order  (Table  XXXVI) . 

Two  systems,  1.0. 0.1  and  1.0. 0.2,  appear  in  the  upper  rankings 
(Appendix  II) .  These  systems  have  pneumatic  and  hydraulic 
main  engine  starting  systems,  respectively.  Both  systems  have 
an  electric  generator  and  hydraulic  pump  mounted  on  the  APU 
gearbox  for  system  checkout.  However,  systems  of  this  type  do 
not  provide  the  advantages  nor  flexibility  of  those  in  which 
the  APU  supplies  power  to  the  accessory  gearbox  pumps  and 
generator  for  checkout.  Since  the  complete  aircraft  system 
cannot  be  operated  with  these  and  all  components  that  are  to 
be  used  in  flight  cannot  be  checked,  these  systems  were  elim¬ 
inated  from  the  final  candidates. 


179 


8.  SELECTION  OF  RE COMMEN DE.D  SYSTEM 

8.1  SYSTEM  EVALUATION  METHOD 

The  evaluation  method  was  programmed  on  a  high-speed  digital 
computer  to  ensure  an  accurate  accounting  method  and  printout 
for  the  36  final  candidate  systems.  The  evaluation  method  is 
based  on  assigning  one  system  as  the  reference,  determining 
the  percent  improvement  or  adverse  effect  (negative  improve¬ 
ment)  for  each  of  the  10  parameters ,  weighing  these  improve¬ 
ments,  and  adding  the  results  to  obtain  a  total  comparative 
percentage  improvement.  The  comparison  parameters  and  the 
respective  weighting  factors  are  shown  on  Table  XL.  The 
effect  of  an  incremental  increase  on  the  improvement  is  given 
by  the  improvement  multiplier. 

For  the  reference  system,  there  is  no  improvement  for  any  of 
the  10  parameters,  and  therefore,  the  sum  of  the  weighted 
percentile  improvements  is  zero.  All  other  systems  will  have 
either  a  positive  or  negative  comparative  index  number,  de¬ 
noting  a  system  that  is  more  or  less  desirable  than  the  refer¬ 
ence  system,  respectively. 

The  first  three  evaluation  parameters — weight,  volume,  and 
TOGW — are  calculated.  The  next  three — reliability,  maintain¬ 
ability,  and  availability — are  based  on  calculation  and  judg¬ 
ment.  Vulnerability,  aircraft  complexity,  and  SPS  complexity 
are  judgmental  values  that  were  assigned  an  arbitrary  value  of 
100  for  the  reference  system.  Vulnerability  was  subdivided 
into  three  separate  items — volume,  complexity,  and  rugged¬ 
ness — contributable  to  the  judgmental  value.  The  tenth 
parameter,  life-cycle  cost,  was  calculated  and  then  propor¬ 
tionately  reduced  so  that  the  reference  system  value  was  100. 
These  evaluation  parameters  are  discussed  in  detail  in  the 
following  subsections. 

8.2  COMPARISON  PARAMETERS 
8.2.1  Weight  and  Volume 

The  individual  component  weight,  installation  factors,  and 
volumes  for  each  system  are  listed  in  the  upper  left  corner 
of  the  system  computer  printout  data  sheets  (Appendix  I)  .  The 
installation  weight  factors,  which  are  multipliers  for  each 
component  weight,  account  for  additional  installation  items 
required  to  install  the  component  in  the  aircraft.  Some  of 
these  additional  items--ducts ,  cables,  and  valves--t.re  listed 
among  the  hydraulic,  pneumatic,  and  electrical  system  compo¬ 
nents  indicated  in  the  weight  columns.  The  installation 
factors  are  lower  than  those  normally  associated  with  the 
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installation  of  a  single  component.  These  additional  system 
items  were  shown  separately  in  order  to  determine  the  total 
system  volume  as  closely  as  possible.  The  exceptions  were 
the  heaters  and  ECS,  which  were  included  as  total  installed 
components  for  convenience  in  adding  or  removing  them  from 
the  systems.  The  refrigeration  package,  which  is  capable  of 
providing  either  heating  or  cooling,  can  be  included  by  re¬ 
moving  the  separate  heater  in  a  system  not  having  refrigera¬ 
tion  (with  concurrent  APU  changes)  and  inserting  the  refrig¬ 
eration  unit  weight,  volume,  and  installation  factor. 

The  APU  starting  system  shown  in  the  component  weight  list 
was  the  hydraulic  type  utilized  in  all  systems.  The  starting 
system  size  and  weight  varied  according  to  the  APU  require¬ 
ments  for  each.  The  hydraulic  system  was  selected  as  a  re¬ 
sult  of  the  starting  system  trade-off  studies  described  in 
Section  6.7.4. 

The  heaters  in  all  final  candidate  systems  are  bleed-air  type, 
employing  a  simple  ejector  to  induce  and  mix  ambient  air  with 
the  APU  or  main  engine  bleed-air.  An  electric  motor/fan  for 
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ventilating  and  a  temperature  control  for  regulating  bleed  air¬ 
flow  were  included.  All  final  candidate  systems  utilize  this 
type  heater,  since  either  bleed-air  from  the  APU  or  compressed 
air  from  a  secondary  gearbox  compressor  is  available  during 
ground  operation.  Other  systems  that  utilized  a  combustion- 
type  heater  were  eliminated  in  the  initial  comparisons. 

The  oil  cooling  system,  including  the  weights,  was  a  separate 
item,  since  it  depended  upon  the  cooling  requirements  of  each 
system.  The  accessory  gearbox  was  also  treated  as  a  separate 
component.  Internally,  the  gearbox  requires  a  separate  lub¬ 
rication  pump  to  facilitate  operation  from  the  APU  power 
source  when  the  main  engines  are  not  operating.  The  lube 
pump  provides  oil  for  all  gearbox  lubrication  and  for  lubri¬ 
cating  and  cooling  the  gearbox-mounted  components  such  as 
generators,  ATM,  air  compressor,  or  APU.  An  air-cooled  heat 
exchanger  and  electrically  driven  fan  were  included  in  all  oil 
cooling  system  weights. 

The  total  installation  weight  of  each  system  in  the  TOGW 
analysis  is  shown  on  the  system  data  sheets.  The  system 
weight  and  volume  used  for  the  first  two  evaluation  param¬ 
eters  are  the  total  of  the  individual  component  values  in 
each  system. 

Weight  values  comprising  the  TOGW  penalty  are  indicated  on 
each  system  data  sheet.  These  are  the  installed  and  expend¬ 
able  penalties  of  the  respective  aircraft.  The  expendable 
weight  (fuel  burned)  is  shown  by  mission  segment  on  each  sys¬ 
tem  data  sheet.  The  shaft  powers  and/or  bleed  airflows  are 
also  indicated.  When  the  APU  is  the  power  source,  the  shaft 
power  is  that  required  at  the  output  of  the  APU  and  includes 
all  system  losses  in  producing  the  mission  power.  Main  engine 
shaft  power  is  defined  as  the  input  to  the  accessory  gearbox 
from  the  main  transmission. 

8.2.2  Takeoff  Gross  Weight 

Takeoff  gross  weight  penalty  analysis  was  conducted  on  the 
basis  of  a  constant  range  and  payload,  as  defined  by  the  air¬ 
craft  requirements.  Therefore,  each  SPS  TOGW  determined  in 
the  analysis  represents  the  penalty  to  the  aircraft  for  the 
same  range  and  payload.  By  comparing  the  value  of  TOGW  for  a 
specific  SPS  to  a  reference  system  TOGW,  the  advantage  in  sys¬ 
tem  TOGW  may  be  converted  to  a  payload  or  range  advantage. 

That  is,  extra  fuel  and  tankage  could  be  added  in  place  of  the 
extra  payload  to  achieve  an  increase  in  range. 
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The  influence  of  the  TOGW  parameter  in  the  system  comparative 
evaluations  is  by  far  the  greatest  of  the  10  parameters,  as 
indicated  by  the  assigned  weighting  factor  of  40  percent.  The 
TOGW  is  the  only  parameter  which  includes  system  performance 
and  represents  the  total  fixed  and  expendable  weight  penalties 
associated  with  a  complete  system  in  the  aircraft  during  a 
mission. 

The  total  fixed-weight  comprises  the  total  component  weight, 
the  weight  allowances  for  mounting,  and  the  associated  equip¬ 
ment  necessary  to  install  each  component  in  the  aircraft  and 
provide  power  for  operation.  The  total  fixed-weight  TOGW  pen¬ 
alty  is  then  computed  by  an  equipment  weight-multiplying  fac¬ 
tor  that  accounts  for  the  tankage,  structure,  and  main  engine 
fuel  required  to  transport  the  SPS  through  the  mission. 

The  expendable  weight  consists  of  all  fuel  used  in  extracting 
power  from  the  APU  and  main  engine  for  operation  of  the  sec¬ 
ondary  power  system  throughout  the  mission.  The  weight  is 
computed  from  the  total  of  all  fuel  increments  in  each  operat¬ 
ing  mode  and  the  established  APU  and  engine  performance  char¬ 
acteristics.  The  fuel  weight  is  then  multiplied  by  the 
expendable  weight  penalty  similar  to  the  fixed-weight  factor 
of  the  fuel,  necessary  to  carry  the  computed  fuel  quantity, 
tankage,  and  associated  aircraft  structure  allowances.  This 
yields  the  total  mission  fuel  TOGW  penalty  as  related  to  the 
SPS  and  is  added  to  the  total  fixed-weight  penalty  to  produce 
the  total  fixed  and  expendable  TOGW  penalty.  The  analysis  is 
illustrated  in  diagram  form  in  Figure  110. 

The  numerical  value  thus  calculated  represents  the  portion  of 
the  total  aircraft  TOGW  attributable  to  the  installation  and 
operation  of  a  candidate  system  in  the  aircraft.  The  penalty 
factors  in  the  TOGW  analysis  were  previously  determined  in  the 
survey  of  the  aircraft  companies  and  represent  a  consensus  of 
these  results  (Table  III)  . 

8.2.3  Maintainability,  Availability,  and  Reliability 

A  detailed  maintainability  analysis  was  conducted  for  all 
final  candidate  systems.  Each  component  was  analyzed  accord¬ 
ing  to  replacement,  repair,  and/or  overhaul  requirements 
within  the  5000  flight-hour  cycle  of  the  aircraft.  A  main¬ 
tainability  number  for  maintenance  man-hours  per  flight-hour 
(MMH/FH)  and  mean  time  to  repair  (MTTR)  was  established  for 
each  system.  A  complete  analysis  summary  for  the  reference 
system  (System  1.4. 0.1)  is  included  in  Appendix  I.  The  MMH/FH 
thus  obtained  was  used  as  the  reference  maintainability  number 
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TOGW  Penalty  Analysis  Diagram 
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for  each  system.  A  maintainability  summary  for  each  final 
candidate  system  is  shown  in  Tables  XLI  and  XLII  for  systems 
without  and  with  ECS,  respectively.  The  component  operating 
cycles  and  their  relationship  to  flight  hours  were  established 
from  the  aircraft  mission  and  power  requirements,  as  shown  in 
Table  VII,  and  from  the  specified  monthly  flight-hours  in  the 
aircraft  PQMR. 

The  inherent  availability  of  each  system  is  also  shown  on 
Tables  XLI  and  XLII.  This  parameter  was  calculated  by  the 
following  formula: 

_  MTBF 
l  MTBF  +  MTTR 

where  MTBF  is  the  mean  time  (in  aircraft  flight  hours)  between 
failure  as  obtained  from  a  reliability  analysis.  This  number 
represents  the  percentage  of  time  that  the  installed  system 
is  operable. 

The  reliability  numbers  for  MTBF  are  listed  on  Tables  XLI  and 
XLII;  these  were  calculated  by  analyzing  the  individual  com¬ 
ponents.  A  typical  failure-frequency  analysis  is  shown  in 
Tables  XLI I I  and  XLIV,  which  show  a  detailed  summary  for  the 
reference  system  1.4. 0.1,  without  and  with  ECS  fov  each  tech¬ 
nology  level. 

8.2.4  Complexity 

The  relative  complexity  of  each  system  is  compared  to  that  of 
the  reference  system  (at  a  100-percent  value) .  These  results 
are  then  used  as  the  bases  for  further  comparison  of  the  sys¬ 
tem  complexity  (and  its  effect)  to  that  of  the  aircraft. 

To  determine  system  complexity,  the  major  system  components 
and  subsystems  were  first  separately  evaluated  by  comparing 
the  range  of  component  types  appearing  in  the  final  candidate 
systems.  This  comparison  is  shown  in  Table  XLV,  where  the 
APU,  accessory  gearbox,  APU/gearbox  power  link  system,  and 
engine  starting  system  (with  simultaneous  electrical  power) 
are  listed  by  various  configurations.  The  least  complex  was 
assigned  a  value  of  100  percent  and  the  variations  compared 
to  this  reference.  The  APU,  for  instance,  appears  in  four 
cc  ’f’ gurations  where  the  shaft-power-only  type  was  judged  as 
the  least  complex.  The  bleed-air-only  type,  shaft/bleed  type, 
and  the  shaft/bleed  type  with  an  APU-mounted  component  (in 
this  case,  a  hydraulic  pump)  were  rated  by  percent  of  increase 
in  complexity.  Similarly,  the  other  system  items  were  eval¬ 
uated  by  their  complexity  to  a  reference  component  or  sub¬ 
system. 
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TABLE  XLI.  SPS  RELIABILITY,  MAINTAINABILITY,  AND 
AVAILABILITY  SUMMARY,  WITHOUT  ECS 


System 

Technology 

Level 

MTBF 

(aircraft 

hr) 

MTTR 

(hr) 

MMH/FH 

Availability 

(Ai) 

(pet) 

1.4. 0.1 

I 

413 

3.195 

0,088 

99.23 

II 

491 

2.826 

0.080 

99.42 

III 

580 

2.873 

0.078 

99.51 

2. 4. 0.1 

I 

415 

3.288 

0.087 

99.21 

II 

493 

2.906 

0.079 

99.41 

III 

590 

2.899 

0.077 

99.52 

1.4. 1.0 

I 

392 

3.261 

0.089 

99.13 

II 

465 

2.941 

0.081 

99.38 

III 

551 

2.970 

0.079 

99.46 

2. 4. 1.0 

I 

393 

3.400 

0.090 

99.14 

II 

466 

2.991 

0.080 

99.36 

III 

554 

2.999 

0.078 

59.47 

1.2. 0.1 

I 

374 

3.650 

0.099 

99.03  1 

II 

445 

3.550 

0.097 

99.21 

III 

525 

3.500 

0.095 

99.34 

1.1. 0.1 

I 

382 

3.250 

0.089 

99.16 

II 

457 

3.150 

0.085 

99.32 

III 

552 

3.000 

0.080 

99.46 

TABLE  XLII.  SPS  RELIABILITY,  MAINTAINABILITY,  AND 
AVAILABILITY  SUMMARY,  WI*TH  ECS 


System 

Technology 

Level 

MTBF 

(aircraft 

hr) 

i 

MTTR 

(hr) 

MMH/FH 

Availability 

(Aj) 

(pet) 

1.4. 0.1 

I 

361 

3.383 

0.096 

99.06 

II 

433 

2.907 

0.085 

99.33 

III 

517 

1 

2.820 

0.081 

99.46 

2. 4. 0.1 

I 

362 

3.476 

0.095 

99.04 

II  •  1 

435 

2.987 

0.084  i 

99.31 

HI 

525 

2.846 

1 

0.080 

99.46 

1.4. 1.0 

I 

345 

3.449 

0.097 

99.02 

II 

412 

3.022 

0.086 

99.28 

ii  r 

494 

2.935 

0.082 

99.40 

2.4. 1.0 

i 

346 

3.588 

0.098 

98.97 

ii 

i  414 

3.072 

0.085 

99.26 

hi 

497 

2.946 

0.081 

1 

99.41 

i 

1.4. 2.0 

i 

397' 

3.953 

0.105 

99.01 

ii 

466 

3.458 

0.094 

99.26 

hi 

554 

3.414 

0.089 

99.38 

1 

2. 4. 2.0 

i 

i 

398 

4.043 

,  0.104 

98.99 

ii 

468 

3.538 

0.093 

99.24 

hi 

556 

3.440 

0.090 

99.39 

TABLE  XLIII .  ESTIMATED  FAILURE  FREQUENCY  PER  1000  FLIGHT 
HOURS,  SYSTEM  1.4. 0.1,  WITHOUT  ECS 

Quantity  Failures/1000  FH 

Component  or  Subsystem 

per  Technology  Level 

System  I  II  III 

Hydraulic  Pump  Package 

2 

0 . 300a 

0 . 2  60a 

0 . 240a 

Electric  Generator 
Electric  System  Comp 

2 

0.030b 

0 . 0  2  5b 

0.020b 

Generator 

Unit 

2 

0.300 

0.250 

0.236 

Transformer-Rectifier 

2 

0.100 

0.090 

0.080 

Contactors 

2 

0.060 

0.055 

0.050 

Heater,  Bleed  Air, 
Ejector  Type 

1 

0.020 

0.016 

0.013 

Air  Turbine  Starter, 

Main  Engine 

2 

0.200 

0.160 

0.130 

ATS  Control  Valve 

2 

0.400 

0.300 

0.250 

Fan,  Electric  Motor  Unit 

1 

0.050 

0.040 

0.030 

Auxiliary  Power  Unit 

1 

0.465 

0.416 

0.333 

APU  Start  System 

1 

0 . 093C 

0.086C 

0.076° 

APU  Shaft  to  Gearbox 

1 

0.007d 

0.007d 

0 . 007d 

Accessory  Gearbox 

1 

0.300 

0.250 

0.200 

Oil  Cooling  System 

1 

0.100 

0.080 

0.060 

System  Rate/1000  FH  TOTAL 

2.425 

2.035 

1.725 

Equivalent  System  MTBF 

,  F  H 

413 

491 

580 

Plus  scheduled  overhaul 

every 

1200,  1500, 

and  2000 

FH. 

bPlus  scheduled  overhaul 

every 

5000  FH. 

Plus  scheduled  overhaul 
respectively. 

every 

5350,  5750, 

and  6500 

FH, 

Plus  scheduled  overhaul 
respective!'  . 

every 

6000,  10,200 

,  and  15 

,900  FH,  | 
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TABLE  XLIV.  ESTIMATED  FAILURE  FREQUENCY 
HOURS ,  SYSTEM  1.4. 0.1,  WITH 

PER  1000 
ECS 

FLIGHT 

Component  or  Subsystem 

Quantity  Failures/1000  FH 

per  Technology  Level 

System  I  II  III 

Hydraulic  Pump  Package 

2 

0 . 3Q0a 

0 . 260a 

0 . 240a 

Electric  Generator 

2 

0 . 030b 

0.025 

0.020 

Electric  System  Comp 

l  Generator 

2 

0.300 

0.250 

0.236  ; 

Unit  { 

Trans former-Rectif ied 

2 

0.100 

0.090 

0.080 

Contactors 

2 

0.060 

0.055 

0.050 

Air  Turbine  Starter, 

2 

0.200 

0.160 

0.130 

Main  Engine 

ATS  Control  Valve 

2 

0.400 

0.300 

0.250 

Fan,  Electric  Motor  Unit 

1 

0.050 

0.040 

0.030 

Auxiliary  Power  Unit 

1 

0.465 

0.416 

0.333 

APU  Start  System 

1 

0.093° 

0.086° 

0.076° 

APU  Shaft  to  Gearbox 

1 

0.007d 

0.007d 

0.007d 

ECS 

1 

0.370° 

0 . 287e 

0.222° 

(Refrigeration  Package) 

Accessory  Gearbox 

1 

0.300 

0.250 

0.200 

Oil  Cooling  System 

1 

0.100 

0.080 

0.060 

System  Rate/1000  FH  TOTAL 

2.775 

2.306 

1.934 

Equivalent  System  MTBF 

,  FH 

361 

433 

517 

aPlus  scheduled  overhaul 

Plus  scheduled  overhaul 

every 

every 

1200,  1500, 

5000  FH. 

and  2000 

FH. 

cPlus  scheduled  overhaul 

every 

5350,  5750, 

and  6500 

FH, 

respectively. 

Plus  scheduled  overhaul 

every 

6000,  10,200 

,  and  15, 

9C0  FH, 

respectively. 

ePlus  scheduled  overhaul 

every 

1500,  2100, 

and  3000 

FH, 

1  respectively.  | 
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TABLE  XLV.  SUBSYSTEM  COMPLEXITY  FOR  FINAL  CANDIDATE  SYSTEMS 


The  total  system  relative  complexity  was  then  established  by 
the  tailey  sheet  shown  on  Table  XLVI,  where  the  percent 
changes  in  each  system  component  were  obtained  from  the  com¬ 
plexity  ratings.  These  individual  percents  were  then  totaled 
to  give  a  system  complexity  rating.  The  ratings  were  then 
adjusted  so  that  reference  System  1.4. 0.1  had  a  rating  of  100 
percent . 

The  SPS  effect  on  aircraft  complexity  was  similarly  evaluated, 
with  the  criteria  related  to  aircraft  installation  (Tables 
XLVI I  and  XLVI II )  . 

This  evaluation  procedure  is  generally  applicable  to  all  tech¬ 
nology  levels,  since  improvements  or  changes  in  component  con¬ 
figurations  were  applicable  to  all  systems.  The  APU  design, 
for  example,  changed  considerably  with  technology  level,  but 
the  basic  design  was  consistent  for  a  particular  level.  The 
ECS  does  not  appear  in  the  relative  comparisons,  because  the 
inclusion  of  an  ECS  in  each  system  was  a  separate  analysis 
and,  therefore,  was  not  a  criterion  for  rejection  or  accept¬ 
ance  of  a  given  basic  system. 

8.2.5  Vulnerability 

This  system  comparison  parameter  is  a  judgmental  factor  based 
on  the  relativity  of  one  system  to  the  reference  system.  The 
vulnerability  factor  was  composed  of  three  parts,  with  each 
assigned  a  weighted  value: 

Volume  10  pet 

Complexity  70 

Ruggedness  2  0 

TOTAL  100 

The  vulnerability  parameters  in  the  rating  are  shown  on 
Table  XLIX . 

The  system  volumes,  shown  on  the  computer  printout  sheets  in 
Appendix  I  were  compared  by  assigning  a  value  of  10  to  the 
reference  system  (1.4. 0.1).  The  variation  in  volumes  for  all 
final  candidate  systems  was  small.  Systems  with  ECS  would 
have  a  greater  volume  if  directly  compared  to  systems  without 
ECS;  however,  these  two  categories  were  evaluated  separately. 

System  complexity  was  obtained  from  the  complexity  parameter 
discussed  above,  with  the  value  changed  to  70  for  the  refer¬ 
ence  system. 
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TABLE  XL VI .  SPS  COMPLEXITY  FOR  FINAL  CANDIDATE  SYSTEMS 


TABLE  XLVIII.  AIRCRAFT  COMPLEXITY  FOR  SPS  FINAL  CANDIDATE  SYSTEMS 
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The  ruggedness  was  determined  by  separately  evaluating  the 
major  system  components  and  subsystems.  These  are  listed  on 
Table  L,  where  each  was  subdivided  into  the  types  appearing 
in  the  final  candidate  systems.  A  value  of  100  percent  was 
assigned  to  the  type  judged  with  the  highest  degree  of  rugged¬ 
ness;  other  items  received  a  lesser  percent. 

The  delta  percents  (negative)  were  then  listed  for  each  com¬ 
ponent  or  subsystem  in  each  candidate  system  (Table  LI) ,  and 
the  absolute  percent  rating  was  established.  A  final  adjusted 
percent-rating  was  established  by  inverting  these  absolute 
ratings  and  using  20  as  the  base  for  the  reference  system. 

The  inversion  was  necessary  to  obtain  the  proper  effect  on 
the  system  vulnerability,  since  the  less  rugged  systems  were 
considered  more  vulnerable. 

8.2.6  Life-Cycle  Cost 

The  life-cycle  cost  for  each  final  candidate  system  was  com¬ 
puted  on  the  basis  of  the  initial  cost  plus  overhaul,  repair 
parts  costs,  and  labor  for  each  item  in  the  system.  All  costs 
were  based  on  a  5000-hr  airframe  life  and  maintainability 
costs  consistent  with  that  data.  All  costs  are  shown  in  per¬ 
cent,  relative  to  the  reference  system  for  each  technology 
level.  Separate  reference  values  were  used  for  systems  with 
and  without  ECS. 

8.3  RESULTS  OF  SYSTEM  COMPARATIVE  EVALUATION 
8.3.1  Recommended  System 


The  results  of  the  comparative  evaluations  of  the  final  candi¬ 
date  systems  are  shown  in  the  computer  printout  sheets  in  Ap¬ 
pendix  I.  Table  LII  lists  the  system  merit  numbers  (weighted 
percent  improvement).  This  table  shows  that  System  2.4.C.1 
consistently  received  the  highest  ranking  in  all  technology 
levels  both  with  and  without  ECS  and  is,  therefore,  the  recom¬ 
mended  system. 

Figure  111  shows  the  recommended  system  schematic,  and  the 
APU-gearbox  configuration  outline  envisioned  for  Technology 
Level  II  is  shown  in  Figure  112.  The  air  turbine  starter  for 
this  system  and  the  optional  ECS  package  outline  are  shown  in 
Figures  113  and  114,  respectively. 

The  reference  system,  1. 4.0.1,  is  quite  close  in  ranking  to 
System  2. 4. 0.1  and  is  similar,  with  the  APU  separately  mounted 
by  a  shaft  connection  to  the  gearbox.  The  relationship  of 
these  two  systems  was  consistent  for  all  technology  levels 
with  and  without  ECS.  The  actual  choice  will  be  by 
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TABLE  L.  SPS  SUBSYSTEM  RUGGEDNESS  COMPARISON,  FINAL  CANDIDATE  SYSTEMS 
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TABLE  LI.  SPS  RUGGEDNESS  COMPARISON,  FINAL  CANDIDATE  SYSTEMS 


TABLE  LJI.  COMB 
(Wei 


Technology  Level  I 


Evaluation  Parameters 

• 

H-* 

•  p 

O 

1.2. 0.1 

1.4. 1.0 

2. 4. 1.0  1. 

4.0.1 

H 

System  Weight 

-1.685 

-1.640 

-0.820 

-0.848 

0 

-0.0 

System  Volume 

-0.771 

-0.632 

-0.227 

-0.277 

0 

-o.d 

TOGW  Penalty 

-6.581 

-6.091 

-2.663 

-2.356 

0 

-o.  i 

Reliability  (MTBF) 

-0.770 

-0.970 

-0.530 

-0.510 

0 

0.0 

Maintainability  (MMH/FH) 

-0.057 

-0.625 

-0.057 

-0.114 

0 

0.0 

Availability 

l  -0.004 

-0.010 

-0.005 

-0.005 

n 

-o .  Q 

System  Vulnerability 

-0.160 

-0.3C0 

-0.140 

-0.060 

0 

0.0 

Aircraft  Complexity 

-0.200 

-0.500 

-0.200 

-0.100 

0 

0.1 

SPS  Complexity 

-0.450 

-0.900 

-0.400 

-0.200 

0 

0.2 

Life-Cycle  Cost 

-3.251 

-1.360 

-2.601 

-2.426 

0 

-0.0 

SPS  Total  Weighted 

-13.931 

-13.085 

-7.645 

-6.892  0 

.000 

0.2 

Fercent  Improvement 

i 

t 

u 

Evaluation  Parameters 

1.4. 1.0 

2.4. 1.0 

1.4. 2.0 

2. 4. 2.0  1.4 

.Q.  1 

2 . 4 . 0 

j 

System  Weight 

-0.544 

-0.478 

-0.441 

-0.375 

0 

0.06 

System  Volume 

0.026 

0.058 

-0.090 

-0.058 

0 

0.0 

TOGW  Penalty 

-0.933 

-0.773 

-1.263 

-1.103 

0 

0.1 

i 

Reliability  (MTBF) 

-0.440 

-0.420 

1.000 

1.02 

0 

0.03 

Maintainability  (MMH/FH) 

-0.052 

-0.104 

-0.469 

-0.417 

0 

o.c 

i 

Aval labi  1  lty 

-0.002 

-0.005 

-0.003 

-0.004 

0 

-0.00] 

System  Vulnerability 

-0.140 

-0.060 

-0.200 

-0.120 

0 

0.08] 

Aircraft  Complexity 

-0.200 

-0.100 

-0.200 

-0.100 

0 

0.1 

4 

SPS  Complexity 

-0.450 

-0.200 

-0.450 

-0.200 

0 

0.251 

Life-Cycle  Cost 

-2.473 

-2.298 

-0.393 

-0.448 

0 

-0.05' 

SPS  Total  Weighted 

-5.210 

-4.375 

-2.510 

-1.799  0 

.000 

0.691 

Percent  Improvement 

-3.350* 

-2 .275* 

*ECS  furnished  compressed 

air  from 

load  compressors  on 

gearbox  rather 

than 

- 1 

bleed  ai| 

- ■=* 
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[ble  lii.  comparative  evaluation  of  final  candidate  systems  \ 

(Weighted  Percent  Improvement)  ■ 

Technology  Level  II 

Systems  Without  ECS 

] 

1.2.0. 1 

1. 4.1.0 

2. 4. 1.0 

1.4. 0.1 

2. 4. 0.1 

1.1. 0.1 

1  •  2 . 0, 

0 

-0.028 

-1.634 

-1.488 

-1.081 

-1.081 

0 

0.003 

-1.109 

-1.01 

f  0 

-0.049 

-0.678 

-0.503 

-0.350 

-0.405 

0 

-0.055 

-0.221 

-0.33] 

0 

-0.155 

-6.444 

-5.472 

-3.941 

-3.992 

0 

-0.037 

-4.398 

-3.913 

0 

0.020 

-0.690 

-0.940 

-0.530 

-0.510 

0 

0.040 

-0.580 

-i.o4 

0 

0.057 

-0.312 

-1.062 

-0.062 

0.000 

0 

0.062 

-01.28 

-1.04 

o 

-0.001 

-0.005 

-0.011 

-0.002 

-0.003 

0 

-0.001 

-0.003 

-0.00 

0 

0.080 

-0.160 

-0.360 

-0.140 

-0.060 

0 

0.080 

-0.30 

:  0 

0.100 

-0.200 

-0.500 

-0.200 

-0.100 

0 

0.100 

-0.200 

-0.50 

;  0 

0.250 

-0.450 

-0.900 

-0.400 

-0.200 

0 

0.250 

-0.450 

-0.90 

0 

-0.060 

-3.110 

-1.334 

-2.436 

-2.257 

0 

-0.078 

-2.938 

-1.20 

fo.000 

0.217 

-13.686 

-12.567 

-9.142 

-8.606 

0.000 

0.366 

-10.186 

-10.44 

i. 

Systems 

With  ECS 

jj 

ra>1 

2. 4. 0.1 

1.4. 1.0 

2. 4. 1.0 

1.4. 2.0 

2.4. 2.0 

1  .  4 . 0 . 1 

2. 4. 0.1 

1.4. 1.0 

2.4,1. 

f 

0 

0.064 

-0.823 

-0.744 

-0.545 

-0.382 

0 

0.185 

-0.506 

-0.42; 

l  0 

0.032  . 

-0.207 

-0.164 

-0.181 

-0.086 

0 

0.069 

-0.285 

-0.231 

0 

0.150 

-2.368 

-2.167 

-1.567 

-1.008 

0 

0.653 

-0.935 

-0.71 

0 

0.030 

-0.480 

-0.440 

0.760 

0.810 

0 

0.050 

-0.570 

-0. 521 

;  0 

0.052 

-0.059 

0.000 

-0.529 

-0.471 

0 

0.059 

-0.062 

0.001 

:  0 

-0.001 

-0.003 

-0.004 

-0.004 

-0.005 

0 

-0.001 

-0.003 

-o.oo: 

i  0 

0.080 

-0.140 

-0.060 

-0.200 

-0.120 

0 

U.080 

-0.140 

—  0 . 0  6< 

,  0 

0.100 

-0.200 

-0.100 

-0.200 

-0. loo 

0 

0.100 

-0.200 

-0.101 

:  o 

0.250 

-0.450 

-0.200 

-0.450 

-0.200 

0 

0.250 

-0.450 

-0.20(j 

:  o 

-0.056 

-2.307 

-2.137 

-0.218 

-0.292 

0 

-0.074 

-2.236 

-2.067 

j 

.000 

0.699 

-7.042 

-3.440* 

-6.014 
-3. 671* 

-3.133 

-1.855 

0.000 

1.366 

-5.389 

-3.484* 

] 

-4. 314 
-2.777 

;  than 

bleed  air  from  main  engines  in 

flight. 
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Technology  Level  III 

i 

•. 

“  5 

fiH 

2. 4. 0.1 

1. 1.0.1 

1.2. 0.1 

1.4. 1.0 

2. 4. 1.0 

i 

1.4. 0.1 

2. 4. 0.1 

i° 

0.003 

-1< 109 

-1.087 

-0.609 

-0.6? 8 

0 

-0.dl9 

|o 

-0.055 

-0.221 

-0.338 

-0.312 

-0.377 

0 

-0.065 

0 

-0.037 

-4.398 

-3.910 

-1.511 

-1.643 

0 

-0.131 

jo 

0.040 

-0.580 

-1.040 

-0.600  , 

-0.550 

0 

0.070 

to 

0.062 

-01.28 

-1.040 

-0.064 

,0.000 

0; 

0.064 

jo 

-0.001 

-d.003 

-0.009 

-0.003 

-0.002  * 

0 

0.001 

;0 

0.080 

-0.160 

-0.360 

-0.140 

-0.060 

0 

0.080 

:  0 

0.100 

-0.200 

-0.500 

-0.200 

-0.100 

0 

0.100 

[0 

0.250 

-0.450 

-0.900 

-0.400 

-0.200 

0 

0.250 

,0 

-0.078 

-2.938 

-1.208 

-2.361 

-2.18] 

0  1 

-0.051 

,000 

0.366 

-10.186 

-10.442 

-6.197 

-^5.737 

0.000 

0.297 

1 

.0.1 

2. 4. 0.1 

1. 4.1.0 

2. 4. 1.0 

1. 4.2.0 

2. 4.2.0 

1.4.0. 1 

•  2. 4. 0.1 

0 

0.185 

-0.506 

-0.422 

-0.799 

-0.714 

0 

0.085 

[o 

0.069 

-0.285 

-0.230 

-0.252 

-0.197 

0 

0.055  ! 

ro 

0.653 

-0.935 

-0.718 

-2.283 

-2.066 

0 

0.217 

0 

0.050 

-0.570 

-0.520 

0.570 

0.610 

6 

0.020 

o 

0.059 

-0.062 

0.000 

-0.494 

-0.556 

0 

0.062 

0 

-0.001 

.  -0.003 

-0.003 

-0.004 

-0.004 

0 

0.000 

0 

0.080 

-0.140 

-0.060 

-0.200 

-0.120 

0 

0.080 

0 

0.100 

-0.200 

-0.100 

-0.200 

-0.100 

0 

0.100 

0 

0.250 

-0.450 

-0.200 

t0 . 4  50, 

-0.200 

,  0 

0.250 

0 

-0.074 

-2.236 

-2.067 

0.186 

0.137 

0 

-0.048 

000 

1.366 

-5.389 

-4.314 

-3.923 

-3.209 

0.000 

0.819 

■ 

-3.484* 

-2.777* 

! 

i. 
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ACCESSORY  GEARBOX 


Figure  111.  Recommended  System  Schematic. 


Figure  112.  Recommended  System  Outline. 


Figure  114.  Air  Cycle  ECS  Package 


installation  considerations,  such  as  APU  operating  environment 
or  available  space. 

The  recommended  system  consists  of  two  electrical  (redundant) 
generators,  a  flight  control  hydraulic  pump,  a  utility  (and 
redundant  flight  control)  pump,  and  an  APU  mounted  on  an  ac¬ 
cessory  gearbox.  System  components  mounted  elsewhere  in  the 
aircraft  include  a  hydraulic  APU  starting  system,  an  air  tur¬ 
bine  starter  on  each  engine,  and  ar  environmental  control  sys¬ 
tem  (optional)  .  The  accessory  gearbox  is  driven  by  the  main 
engines  in  flight  from  the  main  rotor  transmission.  For 
ground  operation  (or  emergency  in  flight)  ,  the  APU  drives  the 
accessory  gearbox.  An  overrunning,  or  one-way  device,  is  in¬ 
cluded  to  prevent  the  rotor  gearbox  from  being  driven  by  the 
APU.  Another  is  located  at  the  APU  input  to  the  gearbox  to 
prevent  the  fluid  coupling  elements  from  being  driven  when  the 
main  engines  are  operating  the  accessory  gearbox.  In  this 
schematic,  the  accessory  gearbox  is  driven  from  the  tail  rotor 
drive.  This  method  was  shown  as  an  example,  and  a  separate 
shaft  could  have  been  used.  Additional  system  redundancy  may 
be  obtained  from  small  pumps  and/or  an  electric  generator 
mounted  on  the  rotor  transmission. 

With  the  APU  operating,  electric  or  hydraulic  power  is  avail¬ 
able  from  the  accessory  gearbox  for  systems  checkout  or  main¬ 
tenance,  and  bleed-air  is  available  for  pneumatic  engine 
starting  the  main  engines  or  for  the  ECS .  Heat  for  the  cock¬ 
pit  and  cabin  is  also  available,  by  using  APU  bleed-air  in 
conjunction  with  the  bleed-air  heater. 

The  APU  is  a  bleed-air/shaft-power  type  (single  shaft)  mounted 
directly  on  the  accessory  gearbox  as  a  separate  and  replace¬ 
able  component.  The  fluid  coupling  included  in  the  gearbox 
is  a  f ill-and-drain  unit  through  which  power  is  transmitted 
to  the  accessories.  Although  less  efficient  than  a  clutch, 
the  fluid  coupling  is  inherently  more  reliable.  The  capabil¬ 
ity  of  disconnecting  the  gearbox  and  accessory  drag  for  APU 
starting  allows  the  APU  size  to  be  optimized.  The  coupling 
may  be  filled  after  the  APU  is  started  by  opening  a  solenoid 
valve  in  the  gearbox  lube  system  from  the  cockpit  or  another 
remote-control  panel.  Since  the  oil  flow  is  continuous,  drain¬ 
ing  is  automatic  and  rapidly  accomplished  through  centrifugal 
force  action  on  the  oil,  when  the  oil  supply  is  shut  off.  An 
overrunning  device  may  be  included  at  the  fluid  coupling  output 
shaft  to  prevent  driving  these  elements,  as  the  gearbox  is 
driven  by  the  main  engines. 

The  air  turbine  starters  are  connected  to  the  APU  bleed  by  a 
duct  to  allow  selection  of  either  starting  system.  The  start¬ 
ing  system  would  usually  be  connected  to  the  main  engine  bleed 
duct  system  to  allow  cross-bleed  engine  starts  in  flight. 
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8.3.2  Systems  Comparison 

Without  ECS,  the  third  and  fourth  ranked  systems  (1.4. 1.0  and 
2. 4. 1.0)  fall  within  a  narrow  range  of  approximately  6  to  9 
percent  below  the  first-ranked  system,  depending  upon  tech¬ 
nology  level.  These  systems  use  a  compressor  mounted  on  the 
accessory  gearbox,  a  pneumatic  engine  starting  system,  and  a 
shaft-power  APU.  Systems  1.2. 0.1  and  1.1. 0.1  are  ranked 
fifth  and  sixth  in  a  percentage  range  of  approximately  10  to 
14  percent. 

With  ECS,  the  third,  fourth,  fifth,  and  sixth  ranked  systems 
are  within  a  rather  narrow  range  from  2.5  to  5  percent  above 
System  2. 4.0.1.  Systems  2. 4. 2.0  and  1.4. 2.0,  which  employ  a 
hydraulic  main  engine  starting  system,  have  a  slight  edge  of 
about  0.5  to  1.8  percentage  points  over  Systems  2. 4. 1.0  and 
1.4. 1.0  in  the  first  two  technology  levels.  However,  this 
trend  reverses  in  the  most  advanced  technology  level  where 
both  systems  shows  a  slight  advantage.  Two  ratings  for  each 
of  these  latter  systems  are  shown  on  Table  LI I,  indicating 
the  effect  of  driving  the  gearbox -mounted  air  compressor  by 
the  main  engines  in  flight  for  the  ECS  air  requirements,  in 
lieu  of  bleeding  the  engines.  The  smaller  rating  number  is 
indicative  of  the  lower  fuel  consumption  for  shaft  power  ex¬ 
traction  compared  to  bleed-air  extraction. 

The  systems  are  compared  in  Figure  115,  which  shows  the  ATOGW 
attributable  to  each  as  a  function  of  technology  level.  Sys¬ 
tems  2. 4. 0.1  and  1. 4.0.1  are  clearly  lower  in  ATOGW  than  any 
of  the  others.  The  installed  system  weights  are  compared  in 
Figure  116,  in  which  these  two  systems  again  show  the  lowest 
weights . 

Figure  117  shows  the  effect  on  ATOGW  when  the  air  compressor 
in  System  2. 4. 1.0  is  driven  by  the  main  engines  in  flight  com¬ 
pared  to  bleeding  the  engines.  The  TOGW  saving  (the  differ¬ 
ence  between  the  two  curves)  decreases  with  advancing  tech¬ 
nology  level,  and  in  fact,  the  two  lines  eventually  cross. 

This  is  due  to  the  decrease  of  the  ECS  flow  requirement  from 
23  lb/min  for  Technology  Level  I  to  approximately  10  lb/min 
for  Technology  Level  III.  Assurance  that  the  two  lines 
actually  cross  could  not  be  determined  from  the  limited  engine 
performance  data  available. 
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TECHNOLOGY  LEVEL 


Figure  115.  ATOGW  Comparison ,  Final  Candidate  Systems. 
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INSTALLED  WEIGHT 


Figure  116.  Installed  System  Weight, 
Final  Candidate  Systems. 
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Effect  of  Adding  ECS 

The  effect  of  adding  ECS  is  shown  on  Table  LIII  by  comparing 
ATOGW,  the  installed  weight  and  volume  for  the  recommended 
system  with  and  without  ECS.  Considerable  difference  in  ATOGW 
is  shown  at  the  first  technology  level  (602  lb)  ,  but  this  dif¬ 
ference  decreases  with  advancing  technology  to  200  lb.  The 
expendable  weight  penalty  (fuel)  accounts  for  about  40  to  50 
percent  of  the  TOGW  difference.  Furthermore,  systems  with  ECS 
(Figure  115) ,  begin  to  exhibit  the  same  ATOGW  penalty  between 
Technology  Levels  II  and  III  as  that  for  systems  of  Technology 
Level  I  without  ECS. 

The  effect  of  technology  level  on  the  ECS  bleed  flow  require¬ 
ment  is  shown  in  Figure  118  and  compared  to  air  turbine 
starter  flow  requirements.  The  decrease  in  flow  with  increas¬ 
ing  technology  levels  is  attributable  to  increase  bleed  pres¬ 
sure,  increased  component  efficiencies,  and,  in  the  case  of 
ECS,  use  of  the  recirculation  system.  The  difference  between 
the  starter  and  ECS  flows  becomes  smaller  with  advancing 
technology.  For  Technology  Level  II,  for  example,  the  ECS 
flow  is  approximately  3  lb/min  greater  than  the  ATS  flow,  and 
this  difference  decreases  to  about  1  lb/min  by  Technology 
Level  III.  Therefore,  the  SPS  bleed-flow  penalty  attributed 
to  the  ECS  becomes  quite  small . 

Comparison  of  Systems  with  Hydraulic  and  Pneumatic  Engine 
Starting 


Two  systems  were  selected  from  the  final  candidates  to  compare 
hydraulic  and  pneumatic  main  engine  starting.  The  recommended 
system,  2. 4. 0.1  (pneumatic  starting),  is  compared  to  System 
2. 4. 2.0  (hydraulic  starting)  without  ECS  (Table  LIV)  and  with 
ECS  (Table  LV)  .  System  2. 4. 2.0  uses  a  hydraulic  pump  on  the 
accessory  gearbox  to  supply  hydraulic  power  to  the  engine 
starter  motors.  In  comparisons  of  ATOGW,  installed  weight  and 
installed  volume,  the  pneumatic  system  consistently  indicated 
a  savings.  The  smaller  savings  for  systems  with  ECS  are  due 
to  the  similarity  in  APU,  where  both  systems  required  a  bleed/ 
shaft  power  type.  The  greater  differences  without  ECS  are 
attributable  to  the  requirement  for  a  combustion  heater  in 
System  2.4.2.C.  Systems  with  APU  bleed  available  (when  an  ECS 
is  included)  can  use  a  much  simpler  and  lighter  weight  bleed- 
air  heater. 
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TABLE  LIII 


ECS  PENALTY  FOR  RECOMMENDED  SYSTEM 


System 

I 

Technology 

II 

Level 

II!  | 

ATOGW 

With  ECS 

1944 

1523 

1191 

Without  ECS 

1342 

1185 

991 

ATOGW  Penalty 

602 

338 

200 

INSTALLED  WEIGHT 

With  ECS 

588 

469 

366 

Without  ECS 

453 

398 

329 

Installed  Weight  Penalty 

135 

71 

37 

INSTALLED  VOLUME 

With  ECS 

7.7 

5.7 

4.5 

Without  ECS 

5.1 

4.6 

3.9 

Installed  Volume  Penalty 

2.6 

1  .  1 

0.6 

BLEED  FLOW,  LB/MIN 


Figure  118.  ECS  and  ATS  Flow  Requirements 
for  the  Recommended  System. 
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TABLE  LIV.  COMPARISON  OF  HYDRAULIC  AND  PNEUMATIC 
ENGINE  STARTING  SYSTEMS,  WITHOUT  ECS 


System 

I 

Technology  Level 

II 

III 

SPS  TOGW 

Hydraulic  Starting  (2.4.2. 0.) 

1541 

1423 

1171 

Pneumatic  Starting  (2. 4. 0.1.) 

1342 

1185 

991 

TOGW  Saving 

199 

238 

180 

INSTALLED  WEIGHT 

Hydraulic  Starting 

527 

489 

397 

Pneumatic  Starting 

453 

398 

329 

Weight  Saving 

74 

91 

68 

INSTALLED  VOLUME 

Hydraulic  Starting 

6.9 

6.6 

5.8 

Pneumatic  Starting 

5.1 

4.6 

3.9 

Volume  Saving 

1.8 

2.0 

n 

TABLE  LV.  COMPARISON  OF  HYDRAULIC 
ENGINE  STARTING  SYSTEMS 

AND  PNEUMATIC 
,  WITH  ECS 

Technology  Level 

System 

I 

II 

III 

SPS  TO GW 

! 

Hydraulic  Starting 

(2. 4. 2.0.  ) 

2  005 

!  1588 

1259 

Pneumatic  Starting 

(2.4. 0.1.  ) 

1 

1944 

1523 

1191 

TOGW  Saving 

61 

65 

68 

INSTALLED  WEIGHT 

1 

Hydraulic  Starting 

• 

611 

493 

3  92 

Pneumatic  Starting 

587 

469 

365 

Weight  Saving 

24 

24 

26 

INSTALLED  VOLUME 

Hydraulic  Starting 

7.9 

i 

1  5.9 

4.7 

Pneumatic  Starting 

7.7 

5.7 

4.5 

Volume  Saving 

,  0.2 

0.2 

0.2 

8.4  ANALYSIS  OF  THE  RECOMMENDED  APU 


The  APU  for  the  recommended  system  is  a  single-spool  bleed/ 
shaft  configuration.  The  APU  trade-off,  emergency  power  gen¬ 
eration  in  flight,  and  the  coupled  APU/ECS  concept  have  been 
investigated  for  the  recommended  APU  and  system. 

8.4.1  Selected  APU 

The  APU  for  the  selected  system,  2. 4. 0.1,  is  a  combination 
integral-bleed  and  shaft-power  type.  The  APU  and  its  gearbox 
will  be  directly  mounted  on  the  accessory  drive  gearbox. 
Bleed-air  from  the  APU  will  be  used  for  main  engine  starting 
and  for  the  ECS  during  the  systems  checkout  mode  of  operation. 
It  will  also  supply  shaft  power  to  drive  the  accessories  dur¬ 
ing  systems  checkout  and  main  engine  starting  (4-kva  electrical 
power  required) .  The  APU  gearbox  requires  a  fluid  coupling  to 
disconnect  the  APU  from  the  accessory  gearbox  during  APU  start¬ 
ing  and  main  engine  operation.  The  APU  will  have  a  hydraulic 
starting  system,  as  described  in  Section  6.7.4. 

The  cycle  and  configuration  of  the  APU  were  established  in 
Section  6.7.1.  Table  LVI  summarizes  the  APU  characteristics 
for  the  selected  system.  Figures  82,  83,  and  84  are  cross  sec¬ 
tions  of  the  selected  APU's  for  each  of  the  three  technology 
time  periods.  The  major  features  of  each  APU  configuration 
are  discussed  in  Section  6.7.1.  Figure  119  is  a  cross  section 
of  the  gearbox  for  the  recommended  APU,  showing  the  fluid  cou¬ 
pling,  accessory  pads,  and  accessory  gearbox  mounting  pad. 

8.4.2  Ground  Only  Versus  Ground  and  In-flight  Use 

The  two  reasons  for  considering  the  APU  for  aircraft  in  flight 
are  emergency  and  the  secondary  power  available  to  provide  more 
main  engine  power  for  propulsion  and  lift. 

Various  types  of  i  j-f light  APU  power  have  been  considered.  The 
APU  can  supply  the  ECS  bleed  flow  and/or  the  accessory  horse¬ 
power,  or  with  the  power- transmission  configuration,  the  APU 
could  be  designed  to  supply  additional  shaft  power  to  the  main 
rotor  and/or  tail  rotor  while  the  aircraft  is  in  flight. 

Nonregenerated  APU 

When  the  main  engines  are  used  to  supply  bleed  air  for  an  ECS, 
a  significant  horsepower  penalty  results.  On  a  95°F  day,  a 
bleed  extraction  of  1.0  percent  causes  a  3.3  percent  decrease 
in  output  power.  If  the  APU  supplies  the  bleed-air,  the  full 
shaft  power  of  the  main  engine  is  available,  but  a  greater 
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Figure  119.  Gearbox  for  Recommended  APU 


amount  of  fuel  is  used,  resulting  in  an  additional  TOGW 
penalty.  This  is  due  to  the  higher  SFC  of  a  small  APU  rela¬ 
tive  to  the  main  engine. 

Table  LVI I  summarizes  the  additional  TOGW  penalty  incurred  by 
the  APU  to  supply  bleed  air  while  in  flight.  It  is  based  on 
the  recommended  system  unchanged  with  the  duty  cycle  modified 
to  use  the  APU  in  flight. 

The  APU  can  also  supply  in-flight  shaft  power  to  either  the 
accessories,  the  main  rotor,  and/or  the  tail  rotor.  There 
will  be  an  additonal  TOGW  penalty  due  to  the  higher  SFC  of 
the  APU  relative  to  that  of  the  main  engine.  In  addition  to 
this,  a  TOGW  penalty  is  associated  with  the  larger  APU.  Fig¬ 
ures  120,  121,  and  122  show  the  characteristics  (subject  to 
the  restrictions  and  assumptions  at  the  end  of  this  subsec¬ 
tion)  of  shaft  or  shaft/bleed  APU  sized  for  use  in  flight. 

The  APU  weight  and  volume  curves  (Figures  120  and  121)  include 
the  APU  accessories  and  gearbox. 

For  systems  without  ECS,  Figures  123  and  124  give  the  second¬ 
ary  power  system  additional  weight  and  volume  as  a  function  of 
APU  design  horsepower  (130°F,  sea-level  day). 

Figure  125  shows  the  additional  TOGW  penalty  for  the  recom¬ 
mended  system  as  a  function  of  APU  design  horsepower,  when  the 
APU  is  used  to  furnish  the  accessory  shaft  power  during  stand¬ 
by  and  cruise.  If  the  APU  were  to  be  the  sole  source  of  air¬ 
craft  accessory  power,  it  would  be  sized  by  the  peak  accessory 
loads  at  the  estimated  ceiling  altitude  of  20,000  ft  and  amb¬ 
ient  temperature  of  -12°F.  The  maximum  accessory  shaft  power 
at  the  APU  input  pad  is  approximately  90  shp ,  consisting  of 


TABLE  LVI I 

.  ADDITIONAL  TOGW 
ECS  BLEED  AIR, 

PENALTY,  APU 
SYSTEM  2. 4. 0.1 

FURNISHING 

Technology 

TOGW  Penalty 
Ground/ In- Flight 
(lb) 

TOGW  Penalty 
Ground  Only 
(lb) 

Additional 

Penalty 

(lb) 

I 

2126 

1944 

182 

II 

1645 

1544 

122 

III 

1279 

1191 

88 
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FUEL  FLOW,  Lp/HR 


APU,  ESHP 


Figure  122.  APU  Design-Point  Fuel  Flow 
In-Flight  APU  Operation. 
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APU,  EShP 


iltlil 


SR 


Figure  124.  Additional  SPS  Volume,  In-Fliqht 
APU  Without  ECS. 


APU  ESHP 


Figure  125.  Additional  TOGW  Penalty,  In-Flight  APU 
Furnishing  Accessory  Power  Only, 
Without  ECS. 


40-kva  electrical  lead  plus  8-gpm  hydraulic  load  plus  drag  of 
nonoperating  accessories  and  gearbox  losses.  Figure  126  is  an 
estimated  altitude  sizing  graph  for  determining  the  sea-level 
APU  rating.  From  this,  the  ISO017,  sea-level  APU  rating  can  be 
obtained  for  an  APU  capable  of  delivering  the  required  acces¬ 
sory  horsepower  at  20,000  ft  and  -126F  ambient.  From  the 
altitude  sizing  graph,  an  APU  that  supplies  90  shp  t  the  air¬ 
craft  ceiling  must  have  a  122-shp  rating  on  a  130°F,  sea-level 
day.  The  additional  TOGW  penalty,  weight,  and  volume  for  tne 
recommended  system,  without  ECS  (providing  the  APU  furnishes 
the  accessory  power)  can  now  be  obtained  as  a  function  of  APU 
design  power  (Figures  123  through  125)  .  These  figures  may 
also  be  used  if  the  APU  is  required  to  furnish  emergency  main 
or  tail  rotor  power  in  addition  to  the  accessory  power  in  the 
event  of  a  main  engine  failure  or  during  a  critical  aircraft 
maneuver . 

Figure  127  shows  the  additional  TOGW  penalty  for  the  system 
without  ECS  that  uses  the  APU  in  flight  for  main  rotor  and/or 
tail  rotor  power  as  well  as  accessory  power.  For  example,  an 
APU  sized  to  drive  the  tail  rotor  and  the  accessories  during 
flight  may  require  a  sea-level,  130°F  rating  of  372  shp — 

250  for  the  tail  rotor  plus  122  for  the  accessory  load  at 
20,000  ft  and  -12°F. 

For  the  recommended  system  with  ECS,  the  APU  can  be  sized  to 
supply  either  all  of  the  secondary  power  (accessory  shaft 
power  and  ECS  bleed  air)  or  the  secondary  power  plus  main  and/ 
or  tail  rotor  power.  Figures  128  and  129  give  the  additional 
secondary  power  system  weight  and  volume  required  when  a 
larger  APU,  capable  of  supplying  in-flight  bleed  air  and  shaft 
power,  is  added  to  the  system.  The  APU  characteristics  were 
taken  from  Figures  120,  121,  and  123,  using  the  design-point 
equivalent  shaft  horsepower. 

For  an  APU  supplying  accessory  power  and  ECS  bleed  air  in 
flight,  Figure  130  shows  the  additional  TOGW  penalty  incurred. 
The  sea-level,  130°F  APU  rating  would  be  122  shp  (accessory 
power  at  20,000  ft  and  -12°F)  plus  the  required  sea  level, 
130°F  bleed  horsepower.  Figure  131  gives  the  additional  TOGW 
penalty  for  an  APU  that  supplies  accessory  power,  ECS  bleed 
air,  and  tail  or  main  rotor  power.  This  penalty  is  based  on  a 
continuously  running  APU  operating  at  maximum  power  (also  ap¬ 
plicable  to  Figure  127).  The  additional  TOGW  penalty  fer  an 
APU  supplying  accessory  power  only  (Figures  125  and  129)  is 
based  on  an  in-flight  APU  operating  at  maximum  power  only  at 
the  aircraft  ceiling. 
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SHP/(SHP  AT  SEA  LEVEL  STAN’DA 


AMBIENT  TEMPERATURE,  °F 


Figure  126.  Estimated  APU  Performance  at  Conditions 
Other  Than  Sea-Level  Standard. 
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ADDITIONAL 


3  000 


2000 


1000 


APU,  ESHP 


Figure  127.  Additional  TOGW  Penalty,  In-Flight 

APU  Furnishing  Accessory  Power  Only, 
Without  ECS. 
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Figure  128. 


Additional  SPS  Weight,  In-Flight 
APU  With  ECS. 
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APU,  ESHP 


Figure  130.  Additional  TOGW  Penalty,  In-Flight 
APU  Furnishing  Accessory  Power  and 
ECS  Bleed  Air. 
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Figures  120  through  131  are  subject  to  the  following 
restrictions  and  assumptions: 

1.  The  configuration  and  cycle  of  the  APU  were  estab¬ 
lished  and  optimized  in  Section  6.7.1  for  the  small 
size  unit  required  in  this  application.  This  config¬ 
uration  and  cycle  are  not  necessarily  optimum  for  a 
large  APU  supplying  additional  power  during  flight. 

2.  The  cycle  pressure  ratio  is  limited  by  the  bleed  pres¬ 
sure  ratio,  since  the  APU  must  supply  bleed  air  during 
ground  operation  for  either  main  engine  starting  or 
ECS.  The  size  of  an  APU  supplying  in-flight  power 
could  be  reduced  by  increasing  the  cycle  pressure 
ratio  to  the  optimum  value  for  the  larger  APU.  This 
higher  cycle  pressure  ratio  would  require  a  concept 
such  as  the  notched  impeller  for  extracting  bleed 
flow  at  the  proper  pressure  ratio. 

3.  The  hydraulic  starting  system  size  increases  with  the 
APU  size  increase. 

4.  The  increased  APU  power  rating  required  more  fuel  dur¬ 
ing  ground  operations,  since  the  APU  would  be  operat¬ 
ing  at  a  lower  part-load  point  and  would  exhibit  a 
correspondingly  higher  SFC. 

5.  The  additional  TOGW  penalty  does  not  reflect  the  pos¬ 
sible  aircraft  TOGW  reduction  that  could  be  attained 
by  reducing  main  engine  fuel  consumption  by  the  amount 
of  power  furnished  by  the  APU  for  the  main  rotor  or 
tail  rotor  or  by  reducing  the  main  engine  size  by 
adding  a  larger  APU. 

These  factors  should  be  considered  with  Figures  120  through  131. 
Regenerated  APU 

In  the  regenerated  cycle,  the  APU  is  larger  and  heavier  than 
that  of  the  non-regenerated  cycle,  but  the  fuel  consumption 
is  lower.  Figure  132  shows  the  relation  of  SFC  as  a  function 
of  heat  exchanger  effectiveness  for  the  recommended  system 
with  ECS.  The  weights  and  volumes  of  the  APU  are  given  in 
Figures  133  and  134.  The  APU  hydraulic  starting  systems  were 
increased  by  approximately  30  percent,  to  account  for  the 
larger  APU  resultirg  from  the  decreased  specific  power  of 
the  regenerated  cycle.  The  additional  secondary  power  system 
weights  and  volumes  are  shown  in  Figures  135  and  136. 


Figure  132.  SFC  for  Regenerated  APU. 


Figure  134.  Total  Volume,  Regenerated  APU 
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HEAT  EXCHANGER  EFFECTIVENESS 


Figure  135, 


itional  SPS  Installed  Weight,  Regenerated 
APU  Furnishing  Ground  or  In-Flight  Power. 
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The  regenerated  cycle  would  be  advantageous  if  the  fuel  saving, 
made  possible  by  the  lower  SFC,  would  offset  the  weight  penal¬ 
ties  resulting  from  the  lower  specific  power  and  larger  APU. 
Since  the  TOGW  penalty  is  a  function  of  both  fuel  consumption 
and  system  installed  weight,  it  will  minimize  at  an  optimum 
heat  exchanger  effectiveness  if  the  fuel  saving  offsets  the 
added  weight. 

Figure  137  is  a  plot  of  additional  TOGW  penalty  as  a  function 
of  heat  exchanger  effectiveness  for  the  recommended  system 
with  ECS  when  the  APU  is  used  for  ground  power  only.  The 
curves  illustrate  that  the  TOGW  penalty  of  the  regenerated 
cycle  is  greater  than  that  of  the  non-regenerated  cycle  for 
all  values  of  heat  exchanger  effectiveness.  Figure  138  is 
similar  except  that  the  APU,  while  in  flight,  supplies  the  ECS 
bleed-air.  Comparing  these  curves  with  the  additional  TOGW 
penalties  listed  in  Table  LVII  for  the  non-regenerated  cycle 
(Standard)  reveals  that  the  added  TOGW  penalty  is  greater  for 
the  regenerated  cycle. 

The  conclusion  from  this  analysis  is  that,  for  this  applica¬ 
tion,  the  added  weight  of  the  regenerated  cycle  is  not  offset 
by  the  reduced  fuel  flows.  The  mission  of  the  aircraft  is  not 
long  enough  to  allow  the  regenerated  cycle  low  SFC  to  offset 
the  added  secondary  power  system  weight.  Other  considerations, 
such  as  reliability,  maintainability,  and  vulnerability,  would 
be  adversely  affected  by  adding  a  heat  exchanger  to  the  APU. 
Therefore,  the  regenerated  APU  is  not  recommended  for  this 
application. 

8.4.3  Emergency  APU  In-Flight  Operation 

In  the  event  of  the  loss  of  either  or  both  main  engines  while 
in  flight,  the  APU,  as  sized  for  the  normal  duty  cycle,  could 
provide  emergency  accessory  power.  When  sized  for  in-flight 
power  generation,  the  maximum  accessory  pov/er  loads  could  be 
met  by  the  APU,  but  when  sized  for  ground  use  only,  a  small 
portion  of  the  sea-level  accessory  power  will  be  available. 
Since  the  systems  without  ECS  require  the  smallest  APU,  the 
lowest  level  of  emergency  power  will  be  available.  If  both 
main  engines  should  fail,  autorotation  would  provide  a  certain 
amount  of  lift  and  prevent  the  helicopter  from  going  into  free- 
fall.  The  effectiveness  of  the  auforotation  would  be  increased 
by  using  the  APU  to  provide  the  emergency  accessory  power  for 
aircraft  control  instead  of  the  rotor. 


The  minimum  emergency  power  requirements  for  aircraft  control 
have  been  estimated  as  follows: 
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Figure  137.  Additional  TOGW  Penalty,  Regenerated  A’ 
Furnishing  Ground  Power  Only. 
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Figure  138.  Additional  TOGW  Penalty  Regenerated  APU 
Furnishing  Ground  and  In-Flight  Power. 
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1.  Hydraulic  -  5  gpm  for  controls 

2.  Electric  -  3-kva  ac  power  for  fuel  boost  pump,  cock¬ 

pit  instrumentation,  and  controls;  the  on¬ 
board  battery  will  supply  dc  power  during 
this  mode 

The  power  that  must  be  furnished  by  the  APU  to  supply  these 
emergency  requirements  ranges  from  21  shp  for  Technology  Level 
I  to  19  shp  for  Technology  Level  III. 

Figure  139  is  a  curve  of  the  estimated  power  reduction  as  a 
function  of  altitude  for  the  APU  (based  on  Figure  122) .  For  a 
bleed/shaft  APU  of  this  type,  approximately  85  percent  of  the 
eshp  is  available  as  shaft  power,  the  remaining  being  dissi¬ 
pated  as  surge  bleed.  Utilizing  this  value  in  conjunction 
with  design-point  eshp  listed  in  Table  VIII,  the  maximum  avail¬ 
able  APU  shaft  horsepower  on  a  130 °F,  sea-level  day  without 
ECS  for  Technology  Level  I  is  38.3.  From  Figure  139,  67  per¬ 
cent  of  this  (25.8  shp)  is  available  at  the  aircraft  control. 
For  the  Technology  Level  III  APU  without  ECS,  22  shp  is  avail¬ 
able  at  the  aircraft  ceiling  and  only  19  is  required  for  con¬ 
trol.  For  systems  with  ECS,  the  APU' s  are  larger  and  can  supply 
any  excess  power  needed. 

It  is,  therefore,  concluded  that  the  APU' s  for  the  selected  sys¬ 
tems  can  meet  the  minimum  estimated  emergency  power  require¬ 
ments  . 


8 . 4 . 4  APU/ECS  Concept 

In  the  standard  ECS,  the  power  from  the  expansion  turbine  is 
absorbed  by  some  type  of  loading  device.  For  the  simple  air 
cycle,  the  loading  device  is  a  fan  which  supplies  air  to  the 
heat  exchanger  in  the  system.  This  concept  is  illustrated  in 
the  standard  approach  shown  in  Figure  140.  In  the  coupled 
approach  (Figure  141)  the  expansion  turbine  shaft  power  is  fed 
back,  either  into  the  APU  gearbox  or  the  accessory  drive  gear¬ 
box,  and  the  heat  exchanger  fan  is  supplied  power  from  either. 

With  the  standard  approach  (Figure  140),  compromises  must  be 
made  in  the  design  of  both  the  expansion  turbine  and  the  fan. 
Normally,  a  fan  of  this  type  is  of  high  efficiency,  with  low 
rpir.  design.  However,  the  fan  must  absorb  the  expansion  tur¬ 
bine  shaft  horsepower  at  the  expansion  turbine  speed.  This 
dictates  the  design  criteria  for  the  fan  and  results  in  a 
lower  efficiency  device.  The  expansion  turbine  design  is  also 
compromised  in  that  it  is  designed  for  a  speed  lower  than  that 
required  for  maximum  efficiency.  The  net  result  is  a  compro¬ 
mise  in  the  design  of  both  components. 
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In  the  coupled  approach  (Figure  141)  ,  the  expansion  turbine  is 
mounted  on  either  the  accessory  drive  gearbox  or  the  APU  gear¬ 
box.  The  heat  exchanger  fan  is  mounted  separately  on  the  same 
gearbox.  This  approach  allows  both  components  to  rotate  at 
the  most  efficient  speed.  The  net  power  returned  to  the  sys¬ 
tem  is  the  difference  between  the  expansion  turbine  horsepower 
and  that  required  to  drive  the  fan.  This  power  supplements 
that  supplied  by  the  APU  or  main  engine  and  results  in  an  over¬ 
all  fuel  saving. 

At  the  sea-level,  130°F  day  design-point,  35.3  percent  of  the 
bleed-air  horsepower  (12.18  hp)  is  returned  to  the  system  for 
a  Technology  Level  II  System.  For  Technology  Level  III,  39.3 
percent  (10.8  hp)  is  returned.  This  means  that  the  APU  design- 
point  shaft  horsepower  levels  can  be  reduced  by  these  amounts. 
This  results  in  a  smaller  and  lighter  APU  and  also  a  net  fuel 
saving.  However,  part  of  the  benefit  is  offset  by  the  addi¬ 
tional  weight  and  volume  of  the  accessory  drive  gearbox. 

Table  LVIII  summarizes  the  TOGW  penalty  decrease  for  the  cou¬ 
pled  APU/ECS  concept.  In  the  analysis,  the  APU  and  starting 
system  weight  and  volume  were  decreased  by  reducing  the  APU 
design  shaft  power  by  the  amount  of  power  returned  to  the  sys¬ 
tem  by  the  expansion  turbine. 3  The  accessory  drive  gearbox  was 
increased  by  10  lb  and  0.2  ft  for  Technology  Level  II  and  8  lb 
and  0.18  ft^  for  Technology  Level  III. 


TABLE  LVIII. 

APU/ECS 
SYSTEM  2 

TOGW  PENALTY 
.4 .0.1 

COMPARISON , 

Technology  Level 

II 

III 

System 

Standard 

Coupled 

Standard  Coupled 

Without  ECS 

1185 

- 

991 

With  ECS 

(ground  use 
only) 

1523 

1404 

1191  1128 

With  LCS 

(APU  used  in 
flight  to 
supply  ECS 
bleed  air) 

1645 

1512 

1279  1213 
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Table  LVIII  shows  that  a  119-lb  TOGW  savings  can  be  realized 
by  using  the  coupled  APU/ECS  on  the  ground  only  for  Technology 
Level  II.  For  Technology  Level  III,  a  63-lb  advantage  may  be 
realized.  For  systems  utilizing  the  APU  in  flight  to  supply 
bleed  air  for  the  ECS,  133-  and  66-lb  savings  in  TOGW  may  be 
realized  for  Technology  Levels  II  and  III,  respectively. 

These  preliminary  figures  prove  that  the  concept  could  be 
beneficial  to  this  application. 
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9.  REDUNDANT  MAIN  ENGINE  STARTING  SYSTEMS 


The  redundant  main  engine  starting  system  defined  for  this 
study  is  used  in  an  emergency,  independent  of  the  APU.  It  is 
a  self-contained  system  capable  of  starting  the  main  engine 
under  the  same  conditions  at  which  the  primary  starting  sys¬ 
tem  must  function,  but  not  necessarily  within  the  starting 
time  specified  for  the  primary  system. 

Several  basic  types  of  starting  systems  were  analyzed  to 
determine  applicability  to  the  recommended  system: 

1.  Hydraulic  (accumulator) 

2.  Electric  (battery) 

3.  Pneumatic  (air  bottle) 

4 .  Cartridge 

5.  Cartridge  Compressor 

6.  Jet  Fuel  Starter 

The  total  weights  and  volumes  of  these  systems  are  compared 
in  Table  LIX.  The  systems  were  sized  to  provide  one  start 
for  one  engine.  Since  the  primary  starting  system  employs 
pneumatic  starters,  the  second  engine  is  started  by  cross¬ 
bleeding  from  the  operating  engine  to  the  air  turbine  starter 
on  the  second  engine. 

9.1  HYDRAULIC  SYSTEM 

The  hydraulic  system  was  extremely  heavy,  due  to  the  large 
(8000  in. 3)  accumulator.  This  system  was  sized  for  one  start 
at  -65°F  ambient  conditions,  by  a  comprehensive  AiResearch 
hydraulic  starting  system  computer  program,  which  incorporated 
the  use  of  empirical  data  from  actual  starting  systems.  Due 
to  the  large  weight  and  size,  the  hydraulic  system  was  judged 
impractical . 

9.2  ELECTRIC  SYSTEM 

The  electric  starting  system  was  also  one  of  the  heavier  sys¬ 
tems.  This  was  due  primarily  to  the  requirement  for  two  34- 
amp-hr  nickel-cadmium  batteries  and  a  battery  heater.  Some 
type  of  heater  would  be  required  to  raise  the  battery  electro¬ 
lyte  temperature,  if  soaked  at  -65°F,  to  approximately  0°F  or 
higher,  to  obtain  acceptable  performance.  The  analysis  was 
conducted  by  matching  starter  motor  performance  to  battery 
characteristics  at  various  electrolyte  temperatures . 
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9.3  CARTRIDGE  SYSTEM 

The  cartridge  starter  system  has  the  lowest  weight  and  volume 
of  all  systems.  This  starter  unit  consists  of  a  cartridge 
breech  assembly,  a  plenum  for  cartridge  gas  nozzles,  a  turbine 
wheel,  speed  reduction  gear  system,  and  housing.  The  cart¬ 
ridge  starter  is  mounted  on  an  engine  starter  pad,  which  would 
be  in  addition  to  the  air  turbine  starter  pad.  Integration  of 
the  air  turbine  and  cartridge  gas  turbine  wheels  may  be  accom¬ 
plished  at  the  expense  of  compromising  efficiency,  due  to  the 
large  variation  in  nozzle  and  wheel  sizes  required.  To  pre¬ 
serve  optimum  performance  of  the  primary  starting  system,  a 
separate  cartridge  starter  was  used  in  this  analysis. 

The  cartridge  propellant  size  required  to  produce  a  start  was 
approximately  2  lb,  based  on  ammonium  nitrate  propellant  per¬ 
formance  characteristics  in  existing  cartridges.  Although 
this  is  not  a  standard  size  in  military  inventories,  repackag¬ 
ing  a  standard  propellant  for  optimum  mass  flow  and  burn  time 
would  be  feasible.  The  drawbacks  to  cartridges  are  their 
storage  and  logistic  support  requirements.  The  weight  of  this 
system,  including  mounts,  exhaust  duct,  and  one  cartridge,  is 
on  the  order  of  27  to  32  lb,  depending  on  the  technology  level. 
Starters  of  this  type  are  in  current  use. 

The  cartridge  compressor  system,  although  heavier  than  the 
cartridge  starter  system,  offers  some  distinct  advantages,  the 
principal  of  which  is  the  primary  pneumatic  starting  system 
without  modification.  The  unit  is  simply  a  cartridge-driven 
compressor  that  would  supply  air  to  the  primary  system.  It  is 
similar  to  the  cartridge  starter,  except  the  turbine  drives  a 
small  centrifugal  compressor.  Controls  are  minimal,  since  the 
turbine  wheel  speed  is  controlled  by  the  compressor  load.  A 
pressure  relief  plug  prevents  abnormal  cartridge  overpressure 
in  the  breech  assembly. 

Another  advantage  of  the  cartridge  compressor  is  that  it  may 
be  mounted  in  the  aircraft  in  more  indirect  association  with 
the  main  engine.  As  such,  it  is  more  readily  interchangeable, 
installable  as  a  kit,  or  could  be  removed  for  use  on  other  air¬ 
craft.  Cartridges  may  be  ignited  by  dc  voltage  from  an  air¬ 
craft  battery,  a  small  hand  generator,  or  even  flashlight 
batteries.  Cartridge  compressors  of  this  type  have  been  devel¬ 
oped.  The  total  system  weight,  including  a  cartridge,  is  71 
to  77  lb. 
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9.4  AIR  BOTTLE  SYSTEM 

The  air-bottle  system  weights  shown  in  Table  LIX  are  for  a 
single  start  at  -65°F,  with  a  nominal  charge- pressure  of 
3000  psi.  The  weights  represent  incremental  increases  to  the 
air  turbine  starter  in  the  primary  starting  system  to  inte¬ 
grate  the  high-  and  low-pressure  systems.  In  operation,  the 
pressure  is  automatically  regulated  to  500  psi  by  a  regulator 
at  the  bottle. 

A  source  of  high-pressure  air  would  be  required  for  recharging 
or  periodically  maintaining  the  bottle  pressure.  This  could 
be  accomplished  with  a  small  on-board  compressor  driven  by  the 
main  transmission  or  accessory  gearbox.  The  most  probable 
source  would  be  a  ground-operated  compressor  or  high-pressure 
bottle  system.  Therefore,  the  system  was  not  penalized  for 
the  recharge  equipment;  however,  this  logistical  support  would 
have  to  be  provided.  The  safety  and  protection  of  personnel 
and  the  aircraft,  due  to  the  vulnerability  of  the  high- 
pressure  bottle  to  battle  damage,  must  be  considered  with  this 
system.  The  tabulated  system  weight  of  60.5  to  64  lb  would  be 
increased  by  the  addition  of  containment  of  protective 
material . 

9 . 5  JET  FUEL  STARTER 

The  jet  fuel  starter  (JFS)  is  a  small  free-,  gas-turbine  en¬ 
gine  consisting  of  a  gas  generator,  accessory,  and  power  sec¬ 
tions.  The  starter  is  self-sufficient,  having  its  own  control 
and  lubrication  systems,  and  performs  the  starting  automati¬ 
cally.  The  JFS  uses  the  same  fuel  as  the  main  propulsion 
engines . 

A  small,  permanent  magnet-type  generator  can  be  incorporated 
in  the  unit  to  provide  electrical  power  for  ignition,  or  dc 
power  may  be  used,  if  available,  from  an  on-board  battery.  A 
hydraulic  accumulator  starting  system,  similar  to  the  APU 
system,  was  included. 

The  JFS  is  installed  on  one  of  the  main  engines  and  requires 
an  additional  starter  pad.  Due  to  the  difference  in  size 
between  the  JFS  power  turbine  and  the  air  turbine  starters, 
the  integration  of  the  two  functions  into  a  single  turbine 
would  seriously  compromise  the  primary  sjystem  performance  and 
increase  the  APU  size  in  the  primary  system. 

An  advantage  of  the  JFS  is  the  use  of  main  engine  fuel;  thus, 
the  system  does  not  require  additional  logistical  support. 
Existing  jet  fuel  starters  are  not  available  in  the  small 
power  class.  Existing  types  are  on  the  order  of  a  100-hpsize. 
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9 . 6  SUMMARY 


The  applicable  redundant  starting  systems  were  reduce'1  from 
six  to  four  by  elimination  of  the  hydraulic  and  electric  sys¬ 
tems  on  a  weight  basis.  Of  the  remaining  types,  the  cartridge 
starter  offers  by  far  the  lightest  component  weight-- 
approximately  30  lb.  The  air-bottle  system  is  next  in  compo¬ 
nent  weight  at  about  63  lb,  followed  by  the  cartridge  compres¬ 
sor  at  71  to  77  lb,  and  the  jet  fuel  starter  system  at  60  to 
81  lb.  These  are  component  weights  plus  the  weight  of  lines, 
valves,  ducting,  wiring,  mounts,  etc.  Therefore,  installation 
factors  should  be  on  the  order  of  1.1  to  1.2.  Since  the  re¬ 
dundant  starting  system  would  normally  be  carried  as  a  fixed 
weight,  the  increment  of  TOGW  can  be  determined  by  multiplying 
the  installed  weight  by  the  fixed-weight  penalty  factor  of  2.6. 
The  A TOGW  penalty  for  a  system  would  then  be  on  the  order  of 
three  times  the  total  system  component  weight. 

There  are  obviously  many  factors  beyond  the  scope  of  this 
study  that  could  influence  the  selection  of  the  system.  Each 
could  be  adapted  to  the  recommended  SPS  2. 4. 0.1.  One  possible 
factor  may  be  that  an  additional  starter  pad  could  not  be  pro¬ 
vided  or  would  be  undesirable.  In  this  case,  the  air  bottle 
and  cartridge  compressor  systems  would  be  applicable,  since 
both  use  the  same  air  turbine  starter  (with  modifications  for 
the  air-bottle  system) .  The  cartridge  compressor  appears  to 
be  the  most  easily  adaptable  for  several  reasons:  i c  is  a 
separately  mounted  component,  the  compressed  air  output  is 
similar  to  the  primary  starting  system,  and  it  is  adaptable 
as  a  kit.  Logistical  support  of  cartridges  would  be  required. 
The  air-bottle  system  also  requires  ground  support  equipment 
for  recharging ,  with  the  potential  hazards  of  a  high-pressure 
system.  The  JFS ,  on  the  other  hand,  has  the  same  support 
requirements  c  s  other  components  on  the  aircraft  and  uses  main 
engine  fuel. 

Other  considerations  may  be  made  when  complete  self-sufficiency 
of  the  aircraft  redundant  starting  system  is  not  imposed.  For 
example,  a  "buddy  system",  wherein  one  aircraft  supplies  power 
to  the  starting  system  of  another,  would  be  quite  feasible 
with  the  recommended  primary  starting  system.  Any  aircraft, 
with  the  main  engine  operating,  becomes  a  source  of  bleed  air, 
which  could  be  ducted  by  means  of  an  interconnecting  hose 
between  aircraft.  The  pneumatic  system  within  the  aircraft 
would  require  the  addition  of  an  internal  duct  connection  to  a 
hose  adapter.  The  required  hose  size  would  be  slightly  larger 
than  the  starter  duct  inlet,  to  minimize  pressure  loss. 
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10.  REQUIRED  RESEARCH  AND  DEVELOPMENT 


3 

i 


Technological  advancements  will  be  required  to  achieve  the 
predicted  weights,  sizes,  and  performance  of  the  system  compo¬ 
nents  for  the  advanced  technology  levels.  Although  some  items 
must  be  initiated  prior  to  others,  no  relative  priority  can  be 
established  for  the  individual  tasks,  since  the  successful 
completion  of  all  is  required  to  achieve  the  predicted  weight, 
size,  and  performance  of  the  system. 

The  man-hours  and  total  cost  required  to  develop  the  hardware 
for  the  advanced  technology  levels  are  given  on  Table  LX.  The 
numbers  given  for  Technology  Level  III  are  estimates  in  addi¬ 
tion  to  those  for  Technology  Level  II,  since  the  table  is 
based  on  the  premise  that  1975  production  will  be  required. 
Where  two  numbers  are  shown,  the  first  is  considered  for  the 
highest  risk  approach  and  the  second  for  the  lowest. 

10.1  APU 

The  R&D  work  outlined  in  this  section  summarizes  the  effort 
necessary  to  attain  the  advanced  technology  levels  in  the 
design  of  Technology  II  and  III  APU.  Since  the  overall  con¬ 
figuration  of  the  Technology  II  APU  is  similar  to  that  of  III 
most  of  the  tasks  are  applicable  to  both  levels.  The  major 
difference  is  that  the  Technology  III  tasks  would  be  conducted 
for  smaller  components  with  higher  pressure  ratios,  tempera¬ 
tures,  and  speeds. 

10.1.1  Task  1  -  Auxiliary  Power  Unit  Design  Phase 
Objective 

Establish  a  detailed  design  layout  configuration  of  the  APU 
with  attendant  gearbox,  controls,  and  accessories. 

Approach 


1.  From  established  design-point  cycle (s)  and  flow  path 
analyses,  perform  design  analyses  in  sufficient  detail 
to  support  thorough  design  layout.  This  should  in¬ 
clude,  but  not  be  limited  to: 

a.  Detailed  component  definition 

b.  Thermal  analysis 

c.  Mechanical/structural  analysis 

d.  Critical  speed  analys.es 
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TABLE  LX.  REQUIRED  R&D  MAN-HOURS 
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Perform  sufficient  design  layout  effort  to  establish 
component/structural  configuration  and  integration 
based  upon  the  modular  design  approach  (i.e.,  design 
each  major  component  section  as  a  module  integrated 
within  a  basic  unit  main  frame) . 


3.  Perform  dimensional  stackup  of  entire  unit  in  detail 
and  with  each  component  module  related  to  the  main 
frame. 


Justification 


Prior  to  initiating  detailed  component  R&D  tasks,  the  basic 
unit  should  be  defined  in  sufficient  detail  that  all  work  per¬ 
formed  will  be  directly  relevant  to  the  end  item.  This  is  es¬ 
pecially  true  if  the  unit  is  to  be  designed  around  the  main 
frame  modular  approach,  wherein  the  basic  unit  is  comprised  of 
major  component  modules  tied  together  bv  a  total  main  frame. 
The  layout  will  be  continuously  updated  per  the  results  of  the 
individual  component  tasks. 

10.1.2  Task  2  -  Compressor 

Obj  ective 

Based  upon  the  recommended  APU  configurations,  develop  a  small 
centrifugal  compressor  having  high  efficiency  and  good  range, 
with  the  final  configuration  oriented  toward  low  cost. 

Approach 


1.  Scale  the  impeller  aerodynamics  from  the  smallest 
applicable  compressor  wheel,  taking  into  account  all 
design  parameters  affected  by  the  change  in  size. 
Modify  design  as  required  for  optimum  theoretical 
efficiency . 

2.  Design  a  diffusion  system  that  is  consistent  with 
the  objectives  and  will  minimize  the  overall  diam¬ 
eter.  Consider  acoustics  in  blade  number  and  spac¬ 
ing  . 

3.  Consider  the  use  of  molded  composite  materials  for 
compressor  end  structure,  impeller  shroud,  and  dif¬ 
fusion  system  assemblies.  Design  parts  for  abrad¬ 
able  shrouds  to  enable  the  compressor  to  operate 
with  minimum  clearances. 
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4.  Investigate  and  develop  optimum  means  of  inlet  air 
filtration  for  minimum  noise,  pressure  drop,  and 
weight . 

5.  Fabricate  a  compressor  module  of  the  APU  as  a  test 
rig  entity. 

6.  Test  compressor  and  subcomponents  as  follows: 

a.  Map  compressor  rotor  with  vaneless  diffuser. 

b.  Test  rotor  with  radial  diffuser;  establish  final 
rotor  cutback  and  diffuser  match. 

c.  Test  with  full  stage;  rotor,  radial  diffuser, 
axial  vanes  and  match  with  turbine  stage  per¬ 
formance  . 

d.  Test  durability  and  rub  tolerance  of  compressor 
face  shroud. 

7.  Perform  design  modifications,  as  required  to  achieve 
goals  commensurate  with  the  recommended  APU  config¬ 
uration;  uprate  the  pressure  ratio  as  the  task  pro¬ 
ceeds  . 

Justification 


Overall  high  compressor  performance  in  the  size  class,  coupled 
with  low-cost  objectives,  has  not  yet  been  demonstrated.  The 
compressor  component  effort,  as  summarized,  is  required  to 
achieve  the  overall  APU  and  system  performance  prerequisite  of 
beneficial  application  to  self-sufficient  rotary-wing  sec¬ 
ondary  power  systems. 

10.1.3  Task  3  -  Combustor 

Objective 

Develop  an  optimum  combustor/injector  configuration  that  will 
minimize  cooling,  size,  and  weight  without  compromising  long¬ 
life  and  low-cost  objectives. 

Approach 

1.  Investigate  various  combustor  configurations  (single- 
can,  reverse-flow  annular,  etc.)  to  determine  the 
optimum  for  this  small-sizc  class.  Consider  fuel 
injection,  high-altitude  light-off,  contamination, 
life,  etc.,  in  the  design  objectives. 
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Determine  the  best  liner  material  that  will  minimize 
cooling  and  still  retain  long  life.  Investigate  the 
possibility  of  combining  the  turbine  stator  with 
combustor,  which  will  enable  the  stator  cooling  flow 
to  be  used  as  dilution  air  in  the  combustor. 

3.  Design  optimized  combustor,  subject  to  the  results 
of  the  development  from  Items  1  and  2  above;  con¬ 
sider  minimizing  pressure  drop,  pattern  factor, 
exhaust  emission,  and  low-frequency  combustor  noise. 

4.  Test  and  develop  combustor  configuration  for  the 
following  parameters: 

a.  Efficiency  and  pressure  drop 

b.  Light-off  characteristics 

c.  Pattern  factor  and  exhaust  emission 

d.  Life/endurance/vibration 

e.  Sensitivity  to  contamination 

f.  Acoustics 


Justification 


The  development  of  an  advanced  technology  combustor  is  justi¬ 
fied  for  the  following  reasons: 

1.  Cooling  and  altitude  light-off  are  problems  charac¬ 
teristic  of  small  high-temperature  combustors.  The 
high  surf ace-to-volume  ratios  in  small  combustors 
make  cooling  difficult.  Reductions  in  the  cooling 
requirements  by  high -temperature  materials  and  pos¬ 
sible  ceramic  coatings  will  make  more  air  available 
for  dilution  essential  cooling  in  the  primary  liner 
zone,  and  will  increase  the  liner  life. 

2.  Low  fuel  flows  cause  contamination  problems  with 
small  orifices,  which  can  easilv  become  clogged. 

The  low  fuel  flows  also  make  high-altitude  starting 
di f  f icult . 

Minimizing  pressure  drops  and  maximizing  the  effi¬ 
ciency  will  decrease  the  cvcle  Sl'C  ind  increase  the 
specific  horsepower. 
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4.  Returning  turbine  stator  cooling  air  to  the  combustor 
will  reduce  the  coding  flow  penalty  to  the  cycle. 

5.  Minimizing  the  pattern  factor  will  increase  the  life 
of  the  turbine  stator,  ,turbine  wheel,  and  combustor 
liner. 

6.  Designing  the  combustor  for  low  emission  and  noise 
levels  will  reduce  environmental  pollution. 

10.1.4  Task  4  -  Turbine 

Objective 

Design  and  develop  a  small  high-work,  -speed,  and  -temperature 
radial  turbine  to  a  life  objective  commensurate  with  APU  de¬ 
sign. 

Approach 

1.  Radial  turbine  for  this  application  will  be  scaled 
from  an  existing  high-work  turbine.  The  blade  num¬ 
ber  must  be  optimized,  considering  aerodynamic  per¬ 
formance  as  well  as  cooling  and  disk  stress  design. 

2.  Cooling  schemes  for  the  rotor  must  be  investigated 
to  determine  the  best  method  for  this  size  class. 

The  turbine  stator  cooling  design  will  be  coordi¬ 
nated  with  the  combustor  development  to  allow  the 
stato^  cooling  air  to  be  returned  to  the  combustor. 

3.  The  turbine  materials  will  be  evaluated  with  the 
cooling  schemes  to  ensure  adequate  turbine  life. 
Consideration  will  be  given  to  stator  materials 
that  do  not  require  cooling,  such  as  silicon 
nitride  or  columbium. 

4.  The  turbine  module  (stator,  wheel,  and  shrouu)  Will 
be  tested  over  the  complete  operating  range,  to  ver¬ 
ify  the  design  with  respect  to  efficiencv,  mechani¬ 
cal  integrity,  cooling  effectiveness,  and  durability. 

Justification 

The  development  of  an  advanced  technologv  turbine  is  justified 
for  the  following  reasons: 

1.  The  radial  turbine  will  be  one  of  the  critical 
components  affecting  the  life  of  the  APU.  The 
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effectiveness  of  the  cooling  and  the  mechanical 
design  of  the  turbine  will  affect  the  life  of  the 
turbine . 


The  cooling  scheme  must  minimize  the  cycle  penalty 
for  the  cooling  air,  to  maintain  high  specific 
powers  and  low  SFC's.  The  radial  turbine  efficiency 
will  also  affect  these  parameters. 


10.1.5  Task  5  -  Bearings 


Objective 


Design  and  develop  foil  gas  bearings  for  the  APU  with  the  ulti¬ 
mate  goal  of  replacing  all  rolling  contact  bearings  in  the  APU 
(not  gearbox)  design. 


>roach 


Since  the  Technology  Level  II  APU  requires  a  single 
antifriction  thrust  bearing  and  a  seal,  select  or 
design  a  unit  that  is  capable  of  high  rotational 
speeds  and  still  meets  the  life  requirements  of  the 
APU. 


Design  and  develop  foil  gas  bearings  for  radial  and 
thrust  load  capability.  The  bearings  must  be  able 
to  operate  at  the  elevated  temperatures  within  the 
APU  and  also  at  the  altitude  ceiling  of  the  heli¬ 
copter.  Place  particular  attention  on  the  selection 
and  development  of  materials  for  the  bearings,  to 
ensure  high- temperature  capability  and  to  prevent 
bearing  damage  (galling)  during  an  APU  shutdown. 

Construct  a  dynamic  simulator  with  identical  masses 
and  shaft  dynamics.  The  gas  bearings  would  be 
located,  as  necessary,  to  maintain  the  rotating 
assembly  within  allowable  limits  under  all  operating 
conditions.  Pressures  and  temperatures  expected  in 
the  bearing  areas  would  be  simulated  as  accurately 
as  possible.  Starts  and  operation  under  known  tran¬ 
sients  and  load  points  would  be  accomplished,  to 
ascertain  that  an  acceptable  design  has  been 
generated . 
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Justification 


One  of  the  most  common  failures  in  the  present-dav  APU  occurs 
in  the  rolling  contact  bearings.  Foil  gas  bearings  can  be  de¬ 
signed  to  yield  long  lives  in  conjunction  with  high  reliabil¬ 
ity  and  reduced  maintenance.  In  addition  to  the  life  problems 
of  conventional  bearings,  oil  lubrication  systems  for  the  bear¬ 
ings  require  sealing,  pumping,  scavenging,  bulk  storing,  de¬ 
foaming,  and  cooling  for  proper  performance.  Foil  gas  bearings 
can  eliminate  all  of  these  requirements  if  properlv  integrated 
into  an  APU. 

10.1.6  Task  6  -  Structures  and  Manufacturing  Techniques 
Objective 

Design  the  structure  and  develop  the  manufacturing  techniques 
that  will  enable  the  APU  to  meet  the  size  and  performance  ob¬ 
jectives  . 

Approach 

1.  Develop  manufacturing  techniques  for  the  production 
of  small  turbomachinerv  at  low  cost  and  still  main¬ 
tain  the  accuracy  required  to  meet  the  performance 
goals.  Consider  integral  rotor  casting,  electro¬ 
chemical  machining  of  integral  rotors,  inertia  weld¬ 
ing  of  rotating  parts,  advanced  casting  techniques, 
etc . 

2.  Design  the  structure  to  minimize  overall  weight  and 
reduce  rotating  component  clearance  variation  caused 
by  thermal  excursions  of  the  shrouds/structure.  In¬ 
vestigate  molded  composites  in  areas  such  as  contain¬ 
ment,  compressor  shrouds,  structural  members,  etc., 
to  reduce  weight  and  thermal  expansion.  Consider 
the  design  of  the  structure,  to  ensure  a  high  degree 
of  reliability  and  ease  of  maintenance. 

3.  Fabricate  components  and  test  for  accuracy,  dura¬ 
bility,  etc. 

Jus ti f ication 

The  development  of  advanced  technology  structures  and  tech¬ 
niques  is  justified  for  the  following  reasons: 
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1.  Present  techniques  of  manufacturing  APU  components 
will  not  yield  the  required  accuracy  for  perfor¬ 
mance  with  the  desirable  low  cost  that  high-volume 
production  requires.  Further  difficulties  will  be 
encountered  in  the  small  size  of  the  components 
being  considered,  in  that  passage  widths  and  clear¬ 
ances  will  approach  the  minimum  size  of  the  machin¬ 
ing  cutters  and  tools.  New  techniques  must  be 
developed  to  overcome  these  problems . 

2.  The  size,  weight,  and  performance  goals  of  the  APU 
necessitate  careful  structural  design.  Careful 
control  of  clearances  will  maintain  component  effi¬ 
ciencies  at  the  levels  required  by  the  performance 
goals.  Molded  composites  in  the  structure  will  re¬ 
duce  the  overall  APU  weight. 

10.1.7  Task  7  -  Controls 

Objective 

Design  and  develop  a  fuel  control  system  for  the  small,  high¬ 
speed  APU,  utilizing  electronics  and/or  fluidics. 

Approach 


1.  Investigate  various  combinations  of  electronics  and 
fluidics  to  arrive  at  an  optimum  control  system. 
Objectives  of  the  design  will  be  minimum  weight  and 
volume,  with  high  reliabilitv  and  improved  maintain 
ability. 

2.  Investigate  and  develop  means  of  turbine  inlet  tem¬ 
perature  sensing,  and  Integrate  this  concept  into 
the  control  system  package. 

3.  Design  and  develop  high-speed  fuel  pump/control  for 
integration  into  the  control  system. 

4.  Fabricate  the  control  system  and  bench  test  to  de¬ 
termine  parameters  such  as  response,  system  drift, 
etc. 

Justification 

The  development  of  advanced  technology  fuel  controls  is  just¬ 
ified  for  the  following  reasons: 
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1.  The  cost  and  complexity  cf  hydromechanical  fuel 
controls  can  be  reduced  by  incorporating  an  elec¬ 
tronic  and/or  fluidic  fuel  control.  Less  moving 
parts  improve  the  reliability  and  maintainability 
of  the  control  system.  The  size  and  weight  of  an 
electronic  and/or  fluidic  control  system  is  less 
than  that  of  a  hydrochemical  system. 

2.  A  reliable  turbine  inlet  temperature  sensor  will  im¬ 
prove  the  overall  response  and  accuracy  of  the  con¬ 
trol  system  and  provide  a  much  safer  overtemperature 
protection.  With  the  conventional  exhaust  gas  tem¬ 
perature  detection,  the  temperature  limit  is  set  by 
the  minimum  allowable  tailpipe  temperature  limit. 
This  restricts  the  maximum  power  output  of  the  APU 
at  conditions  other  than  the  tail-pipe  set-point. 

3.  A  higher  soeed  fuel  pump/control  will  reduce  not 
only  the  size  of  the  pump  but  the  amount  of  reduc¬ 
tion  gearing. 

10.1.8  Task  8  -  Gearbox,  Fluid  Coupling 

Objective 

Minimize  size  and  weight  of  the  APU  gearbox,  fluid  coupling. 

Approach 

1.  Investigate  and  develop  techniques  for  reducing  the 
gearbox  size  and  weight  by  integrating  bearing  inner 
races  with  gear  shafts,  using  journal  bearings,  de¬ 
veloping  co-extruded  gears  for  desired  hub  and  teeth 
properties,  and  improving  cooling/lubrication  tech¬ 
niques  to  permit  higher  pitch-line  velocities.  Use 
composite  materials  in  conjunction  with  metal  frame 
for  gearbox  construction. 

2.  Design  and  develop  a  high-speed  fluid  coupling  for 
disconnecting  the  APU  from  the  accessory  gearbox. 
Investigate  fluid  coupling  fabrication,  cavitation, 
filling,  draining,  and  cooling  in  the  design  and 
test  phases. 

3.  Fabricate  and  test  the  gearbox  as  a  separate  module 
for  determining  the  following  parameters: 

a.  Efficiency  of  the  gearbox 
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b.  Vibration  characteristics  and  mechanical 
integrity 

c.  Verification  of  fluid  coupling  design  for  effi¬ 
ciency,  fill  and  drain  mechanism,  and  cooling 
scheme 

Justification 


The  development  of  an  advanced  gearbox  and  fluid  coupling  is 
justified  for  the  following  reasons: 

1.  For  turbomachinery  in  this  size  class,  part  of  the 
size  and  weight  advantage  gained  in  increasing  cycle 
pressure  ratio  and  turbine  inlet  temperature  is  lost 
by  the  increased  gear  reductions  imposed  by  the 
higher  operating  speeds.  The  gearbox  weight  and 
volume  can  be  decreased  by  higher  speed  accessories 
(fuel  pump,  starter,  and  fluid  coupling)  and  com¬ 
posites  in  the  gearbox  case,  where  possible.  Weight 
savings  can  be  realized  by  improving  bearing  arrange¬ 
ments  and  gear  materials. 

2.  A  high-speed  fluid  coupling,  for  disconnecting  the 
APU  from  the  accessory  gearbox,  will  minimize  the 
weight  penalty  for  a  decoupling  device.  The  high 
rotational  speeds  possible  with  a  fluid  coupling  will 
also  reduce  the  amount  of  gear  reduction. 

10.2  AIR  TURBINE  STARTER 

Objective 

Design  and  develop  an  optimized  air  turbine  starter. 

Approach 

It  is  recommended  that  a  development  program  be  conducted  on 
the  complete  starter  unit,  usinq  the  prototype  model  as  the 
test  device.  Since  the  turbine  and  the  speed  reduction  gear¬ 
box  are  the  principal  units  involved  in  the  technological  ad¬ 
vancement  tasks,  testing  is  interrelated,  and  the  complete 
rotating  assembly  can  be  more  conveniently  tested  as  a  si  gle 
unit. 

The  predicted  weight  and  size  of  the  air  turbine  starter  ..  s 
dependent  upon  development  of  a  small,  high-speed,  efficient 
turbine.  A  turbine  wheel  diameter  of  2  in.  would  be  required. 
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Both  axial-  and  radial-flow  turbines  should  be  investigated 
for  the  highest  efficiency  for  this  small  size.  The  aerody¬ 
namic  design  of  the  turbine  will  require  optimizing  the  wheel, 
nozzle,  inlet,  and  exhaust  diffuser.  Careful  attention  to 
running  clearances  must  be  given  to  obtain  maximum  efficiency. 
Turbine  material  selection  must  be  compatible  with  turbine 
environment  and  starter  life  requirements. 

For  the  speed  reduction  gearing,  the  system  efficiency  can  be 
improved  by  reducing  gear  pumping  losses.  The  conventional 
splash  method  of  lubrication  produces  these  losses  from  the 
gears,  which  operate  partially  submerged  in  an  oil  sump. 
Shrouded  gears,  thin  gear  sections,  positive  oil  supply,  and 
low  oil  level  can  minimize  such  losses.  Attention  must  also 
be  directed  in  the  design  to  higher  speed,  low  friction  bear¬ 
ings  and  seals. 

A  starter  cutout  switch  and  an  overrunning  device  at  the  out¬ 
put  shaft  are  also  required  in  the  complete  design. 

The  program  for  a  Technology  Level  II  production  time  would  be 
conducted  in  two  phases.  The  initial  phase  would  consist  of 
the  design,  fabrication,  and  testing  of  a  prototype  unit  that 
would  require  approximately  17  months,  at  which  time  one  or 
more  prototype  units  could  be  available.  This  development 
testing  should  be  sufficient  to  ensure  performance  design 
goals  (including  simulated  dutv  cvcles)  and  overall  integrity 
of  the  design. 

The  s  cond  phase,  requiring  8  months,  would  consist  of  the 
design,  fabrication,  and  qualification  testing  of  the  starter. 
Finalized  design  would  be  based  on  the  results  of  Phase  I. 
Testing  would  consist  of  such  items  as  endurance  operation, 
which  includes  start  cycles  and  overrunning,  simulated  duty 
cycles,  running  engagements,  vibrations,  and  hot  and  colt 
tests . 

The  program  for  a  Tecnnology  Level  III  production  period  would 
require  optimization  of  the  turbine  and  associf  -ed  gear  system 
for  the  higher  bleed-air  pressure  levels  available.  The  lower 
weight  of  this  starter  will  require  additional  materials  (such 
as  boron  composities  for  major  structural  parts)  to  increase 
strength-to-weight  factors.  Further  optimization  of  the 
lubrication  system  may  be  attained  by  using  air  to  lubricate 
and  cool  bearings  and  gears.  This  program  will  require 
approximately  26  months. 
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Justification 


Air  turbine  starters  *n  the  small  power  class  are  not  cur¬ 
rently  available.  The  scaling  of  existing,  larger  sizes  will 
not  produce  the  performance,  weight,  and  size  needed.  There¬ 
fore,  a  new  starter  unit  is  required  to  meet  the  predicted 
parameters . 

10 . 3  ENVIRONMENTAL  CONTPOL  SYSTEM 
Performance  and  Component  Optimization 
Objective 


Develop  an  advanced  technology  air  cvcle  ECS  by  measurably  re¬ 
ducing  the  total  bleed-air  required  for  cooling  and,  subse¬ 
quently,  reducing  component  size  and  weight. 

Approach 

An  air  cycle  ECS  that  incorporates  a  reheat-condenser  and  a 
cabin  air  recirculation  system  offers  a  potential  performance 
improvement  and  a  smaller  component  size  than  conventional  air 
cycle  systems.  Specifically,  the  design  goals  for  a  system  of 
this  type  are  to: 

1.  Minimize  free  moisture  at  the  turbine  inlet. 

2.  Eliminate  icing  problems  at  the  turbine  discharge. 

3.  Reduce  total  bleed-airflow  required  for  a  given 
capacity,  by  recycling  a  portion  of  cabin  air  and 
mixing  with  turbine  air  in  an  ejector. 

4.  Eliminate  the  filter-type  water  separator,  by  incor¬ 
porating  a  reheat-condonser  heat  exchanger  in  con¬ 
junction  with  a  cabin  recirculating  system. 

Many  variations  to  the  simple  air  cvcle  system  have  been  uti¬ 
lized,  includ  ng  reheat-condensers.  However,  the  design  of  a 
system  of  this  type  to  operate  in  conjunction  with  the  recir¬ 
culated  cabin  air  will  involve  optimization  of  the  entire  sys¬ 
tem  for  the  specific  bleed-air  conditions  available. 

The  goal  of  the  program  is  to  demonstrate  the  performance 
advantage  of  the  reheat-condenser  plus  recirculation  system, 
compared  to  a  conventional  simple-cycle  system.  Beth  systems 
would  be  optimized  for  the  same  supply  air  pressure  ratio  and 
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cooling  capacity.  The  results  will  compare  the  cooling 
capacity  at  off-design  points,  the  amount  of  moisture  in  the 
cabin  supply,  component  weights,  and  total  bleed  air  required. 

This  program  would  be  composed  of  the  following  phases: 

1.  Phase  I  is  the  sizing  of  components  for  the  reheat- 
condenser,  cabin  recirculation  system  and  a  conven¬ 
tional  system  using  analytical  and  laboratory 
techniques.  Existing  hardware  is  to  be  used  where- 
ever  possible. 

2.  Phase  II  is  the  final  development  of  the  reheat- 
condenser,  cabin  recirculation  system.  The  develop¬ 
ment  will  optimize  the  jet  pump  configuration  to 
ensure  the  proper  airflow  through  the  reheat- 
condenser  and  the  recirculated  cabin  air  duct. 

3.  Phase  III  is  the  testing  of  the  conventional  system 
for  comparison  with  the  Phase  II  test  results. 

The  design  of  the  jet  pump  will  be  critical  to  the  system  per¬ 
formance  and  will  require  special  design  attention.  In  opera¬ 
tion,  the  jet  pump  back-pressures  the  cooling  turbine  to  obtain 
enough  energy  to  recirculate  cabin  air  and  regenerative  air. 
This  degrades  the  turbine  performance  unless  the  supply  pres¬ 
sure  can  be  maintained  sufficiently  high  to  accomplish  the 
required  delta  temperature  in  the  turbine  and  at  the  same  time 
have  sufficient  discharge  pressure  to  operate  the  jet  pump. 
Development,  may,  however,  dictate  two  separate  jet  pumps,  in 
series,  with  the  second  jat  pump  slightly  downstream  from  the 
reheat-condenser  air  ejector.  The  location  of  the  jet  pump  is 
critical  and  is  finalized  by  testing  in  the  laboratory  to  sub¬ 
stantiate  performance  and  determine  the  most  optimum  position. 
Optimizing  the  cabin  recirculating  flow  with  respect  to  tur¬ 
bine  flow  will  be  part  of  this  development. 

To  achieve  the  weights  predicted  for  the  advanced  technology 
systems,  materials  and  fabrication  advancements  will  be  re¬ 
quired.  The  specific  areas  of  development  are: 

1.  Nonmetallic  materials  for  structural  and  ducting 
applications 

2.  Assembly  and  bonding  techniques  of  nonmetallic  com¬ 
ponents  to  metallic  components 

3.  Lightweight  containment  shrouds  of  materials  such  as 
honeycomb  sandwich 
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4.  New  brazing  alloys  and  techniques  for  fabricating  a 
titanium-alloy  heat  exchanger 

Justification 


The  reduction  in  bleed  air  for  the  cooling  system  will  di¬ 
rectly  result  in  reduced  APU  size  and  reduced  engine  penalties 
for  bleed-air  extraction  throughout  the  aircraft  mission. 
Systems  with  ECS  will  require  an  APU  sized  for  the  ECS  bleed 
flow,  whereas  systems  without  ECS,  will  have  an  APU  sized  for 
engine  starting.  However,  with  advancing  technology,  the  dif¬ 
ference  in  bleed-air  requirements  of  the  ECS  and  engine 
starter  will  decrease  to  the  point  where  little  or  no  penalty 
in  bleed-air  extraction  from  the  APU  or  main  engine  will  occur. 
Thus,  both  the  fixed  and  expendable  weight  penalties  to  the 
aircraft,  resulting  from  ECS  installation,  will  be  materially 
reduced. 

Lighter  weight  materials  are  required  to  achieve  component 
weight  reductions  in  advanced  systems.  Although  some  non- 
metallic  materials  are  in  production  and  some  are  being  de¬ 
veloped,  further  reductions  in  weight  are  predicted  through 
the  use  of  these  materials  for  advanced  systems. 

Aluminum  heat  exchangers,  although  compatible  with  current  and 
short-term  advancements  in  aircraft  systems,  will  not  be  com¬ 
patible  with  the  higher  bleed-air  temperatures  associated  with 
advanced  engines  and  the  APU.  The  alternative  to  developing 
advanced  heat  exchanger  material  technology  is  to  install  a 
conventional  stainless  steel  precooler  in  series  (upstream) 
with  the  ECS  heat  exchanger;  this  will  add  weight  and  complex¬ 
ity  to  tne  overall  aircraft. 


269 


APPENDIX  I 
SYSTEM  EVALUATIONS 


TECHNOLOGY  LEVEL  I 


TABLE  LX I: 


SYSTEM 

title 

WEIGHTED  PERCENT 
SPS  IMPROVEMENT 

SYSTEM 

1.0.1 

I* 

WITHOUT 
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-13.931 
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-13.005 
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1.4. 1.0* 

I* 

WITHOUT 
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-7,445 

SYSTEM 

2.4. 1.0* 
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ECS 

-6.092 

SYSTEM 

1.4.C.1* 

It 

WITHOUT 

ECS 

.000 

SYSTEM 

2.4.0. 1* 

I. 

WITHOUT 

ECS 

.217 

TABLE  LXII: 


SYSTEM 

1 .4.1 ,0. 

It 

WITH 

FCS 

-5.210 

SYSTEM 

2.4. 1.0* 

It 

WITH 
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-4.375 

SYSTEM 

1.4. 2.0. 

It 

WITH 
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SYSTEM 

2. 4,2.0* 

It 

WITH 
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-1.799 

SYSTEM 

1.4.0. 1* 

It 

WITH 

ECS 

.000 

SYSTEM 

2. 4. 0,1. 

It 

WITH 

FCS 

•  499 

Preceding  page  blank 
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TECHNOLOGY  LEVEL  II 


TABLE  LXIII : 

SYSTEM  TITLE 

SYSTEM  1,1,0«1*  II*  WITHOUT  ECS 
SYSTEM  1. 2,0,1*  II,  WITHOUT  ECS 
SYSTEM  1,4, 1,0*  II*  WITHOUT  ECS 
SYSTEM  2,4, 1,0*  II*  WITHOUT  ECS 
SYSTEM  1,4,0, 1*  II*  WITHOUT  ECS 
SYSTEM  2, 4, 0,1*  II,  WITHOUT  ECS 


TABLE  LXIV : 

SYSTEM  1,4, 1,0*  II*  WITH  ECS  -7,042 
SYSTEM  2,4, 1,0*  II*  WITH  ECS  -6,014 
SYSTEM  1,4, 2,0*  II,  WITH  ECS  -3,133 
SYSTEM  2, 4, 2,0*  II,  WITH  ECS  -1,055 
SYSTEM  1,4, 0,1*  II,  WITH  ECS  ,000 
SYSTEM  2, 4, 0.1*  II*  WITH  ECS  1,366 
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•13.606 

•12,567 
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-6.606 

.000 

,366 
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TECHNOLOGY  LEVEL  III 


TABLE  LXV: 

SYSTEM  TITLE 

SYSTEM  1.2, o.l,  in,  WITHOUT  ECS 
SYSTEM  1,1, 0,1,  in,  WITHOUT  ECS 
SYSTEM  1,4, 1,0,  HI,  WITHOUT  ECS 
SYSTEM  2, 4,1,0*  III,  WITHOUT  ECS 
SYSTEM  1,4, 0,1,  in,  WITHOUT  ECS 
SYSTEM  2, 4, 0,1,  HI,  WITHOUT  ECS 


TABLE 

LXVI : 

SYSTEM 

1,4, 1,0, 

III, 

WITH 

ECS 

SYSTEM 

2.4)  1,0* 

III* 

WITH 

ECS 

SYSTEM 

1 .4,2,0* 

III* 

WITH 

ECS 

SYSTEM 

2, 4, 2,0, 

III* 

WITH 

ECS 

SYSTEM 

1.4, 0.1, 

III* 

WITH 

ECS 

SYSTEM 

2.4,0, 1 c 

III, 

WITH 

ECS 
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TABLE  LXV I  -  Cone 


APPENDIX  II 

PRELIMINARY  SPS  ELIMINATION  SUMMARY 


TABLE  LXVII . 

TECHNOLOGY  LEVEL  I 

SPS  Improvement 

SPS 

Improvement 

System 

(pet) 

System 

(pet) 

WITHOUT  ECS 


1.3. 3.0 

-43.035 

1.2. 1.0 

-14.663 

1.1. 3.0 

-42.189 

1.1. 0.2 

-12.162 

1.2.3. 0 

-38.649 

2.4 .2.0 

-  9.667 

1.2. 0.3 

-29.879 

1.4. 2.0 

-  9.590 

1.3. 2.0 

-25.333 

1.3. 0.1 

-  9.405 

2. 4. 3.0 

-23.211 

1.0. 0.2 

-  9.165 

1.4. 3.0 

-22.823 

1.1 .0.1 

-  9.037 

1.1. 1.0 

-22.382 

1.2. 0.1 

-  8.364 

1.0. 0.3 

-22.173 

2. 4. 1.0 

-  3.944 

1.3. 1.0 

-20.796 

1.4. 1.0 

-  3.711 

1.2. 2.0 

-19.696 

1.0. 0.1 

-  0.319 

1 . 1 . 2 . 0 

-18.629 

2. 4. 0.1 

-  0.233 

1.1. 0.3 

-18.209 

1.4. 0.1 

-  0.000 

1 . 2 . 0 . 2 

-16.149 

WITH  ECS 

1.1. 3.0 

-20.257 

1.2. 0.1 

-6.651 

1.3. 1.0 

-15.683 

2.4. 3.0 

-5.952 

1.3. 3.0 

-15.412 

1.4. 3.0 

-5.791 

1.1. 0.3 

-15.187 

1.0. 0.3 

-5.699 

1.2. 1.0 

-15.067 

1.2. 0.2 

-3.478 

1.1. 0.2 

-13.374 

1.4. 2.0 

-1.794 

1.1 .2.0 

-11.874 

2.4 .2.0 

-1.536 

1 . 1 . 1 . 0 

-11.687 

1.4. 1.0 

-1.450 

1.3. 2.0 

-10.882 

1 .0.0.2 

-1.243 

1.2.0. 3 

-10.707 

2. 4. 1.0 

-1.192 

1.1. 0.1 

-10.256 

1.4 .0.1 

0.000 

1.3. 0.1 

-10.079 

1.0. 0.1 

0.146 

1.2. 2.0 

-  8.968 

2.4 .0.1 

0.246 

1.2. 3.0 

-  6.975 
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Preceding  page  blank 


TABLE  LXVIII.  TECHNOLOGY  LEVEL  II 


System 


SPS  Improvement 

(pet)  System 


SPS  Improvement 
(pet) 


WITHOUT  ECS 


1.3. 3.0 

-45.150 

1.2. 1.0 

-14.561 

1.2.3. 0 

-38.264 

1 . 0 . 0 . 2 

-12.795 

1.1. 3.0 

-37.050 

1.4. 2.0 

-12.467 

1.2. 0.3 

-32.361 

2. 4. 2.0 

-12.454 

1.3. 2.0 

-27.785 

1.1. 0.2 

-11.397 

1.0. 0.3 

-25.855 

1.3. 0.1 

-  9.845 

2.4.3. 0 

-25.575 

1.1. 0.1 

-  8.756 

1.4. 3.0 

-25.035 

1.2. 0.1 

-  7.463 

1.3. 1.0 

-21.712 

2. 4. 1.0 

-  5.477 

1.2. 2.0 

-21.139 

1.4. 1.0 

-  5.372 

1.1. 0.3 

-19.615 

1.0. 0.1 

-  0.937 

1.2. 0.2 

-18.373 

2. 4. 0.1 

-  0.089 

1.1. 2.0 

-15.865 

1.4. 0.1 

-  0.000 

1.1. 1.0 

-15.471 

WITH  ECS 

1.1.3. 0 

-22.649 

1.0. 0.3 

-  7.922 

1.3. 3.0 

-22.234 

1.2. 0.2 

-  7.762 

1.3. 1.0 

-20.296 

1.4. 3.0 

-  6.691 

1.1. 0.3 

-16.832 

2 . 4 . 3 . 0 

-  6.205 

1.2. 3.0 

-16.654 

1.2.C.1 

-  6.125 

1.2. 1.0 

-13.688 

1.4. 1.0 

-  3.398 

1.2. 0.3 

-13.311 

2. 4. 1.0 

-  3.075 

1.3. 2.0 

-12.504 

1.0. 0.2 

-  2.401 

1.1.0. 2 

-12.280 

1.4. 2.0 

-  2.294 

1.1.2. 0 

-12.048 

2.4. 2.0 

-  1.476 

1.1. 1.0 

-11.779 

1.0. 0.1 

-  0.442 

1.3. 0.1 

-10.469 

1.4. 0.1 

-  0.000 

1.2. 2.0 

-  9.002 

2. 4. 0.1 

0.906 

1.1. 0.1 

-  8.534 
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TABLE  LXIX.  TECHNOLOGY  LEVEL  II J 


System 

SPS  Improvement 
(pet) 

System 

SPS  Improvement 
(pet) 

WITHOUT  ECS 

1.3. 3.0 

-41.286 

1.0. 0.2 

-13.633 

1.1. 3.0 

-32.472 

2. 4. 2.0 

-12.042 

1.2. 3.0 

-31.826 

1.4. 2.0 

-11.827 

1.2. 0.3 

-30.285 

1.3. 0.1 

-  9.052 

1.3. 2.0 

-26.750 

1. 2.1.0 

-  8.789 

1.0. 0.3 

-24.269 

1.1. 0.2 

-  8.493 

2. 4. 3.0 

-22.756 

1.1. 0.1 

-  5.727 

1.4. 3.0 

-22.541 

1.2. 0.1 

-  5.335 

1.2. 2.0 

-18.157 

2. 4. 1.0 

-  2.647 

1.1. 0.3 

-17.625 

1.4. 1.0 

-  2.432 

1.3. 1.0 

-17.358 

1.0. 0.1 

-  2.365 

1.2. 0.2 

-16.324 

2. 4. 0.1 

-  0.215 

1.1. 2.0 

-14.115 

1.4. 0.1 

0.000 

1.1. 1.0 

-13.947 

WITH  ECS 

1.1. 3.0 

-24.151 

2. 4. 3.0 

-  7.862 

1. 3.3.0 

-23.647 

1.4 .3.0 

-  7.817 

1.1. 0.3 

-18.538 

1.1. 0.1 

-  7.761 

1.3. 1.0 

-17.660 

1.2. 0.2 

-  7.759 

1.2. 3.0 

-15.605 

1.2. 0.1 

-  4.880 

1.2. 0.3 

-14.359 

1.0. 0.2 

-  4.664 

1.1. 1.0 

-14.308 

1.4. 2.0 

-  3.334 

1.3. 2.0 

-13.956 

2. 4. 2.0 

-  2.977 

1.1. 0.2 

-12.277 

1.0. 0.1 

-  1.916 

1,1. 2.0 

-11.829 

1.4. 1.0 

-  1.726 

1.0. 0.3 

-11.760 

2.4.1.C 

-  1.369 

1.3. 0.1 

-10.035 

1.4. 0.1 

0.000 

1.2. 1.0 

-  9.532 

2. 4. 0.1 

0.357 

1.2. 2.0 

-  8.729 
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ABLE  LXXI  Concluded 


TABLE  LXXII.  CORRECTIVE  MA'.NTENANCE ,  TECHNOLOGY  LEVEL  II 
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TABLE  LXXIII.  CORRECTIVE  MAINTENANCE,  TECHNOLOGY  LEVEL  III 
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